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It is estimated that over 30 million people are exposed to arsenic from drinking 
contaminated groundwater in Bangladesh. Furthermore, due to the use of contaminated 
water for irrigation purposes, arsenic and other toxic elements are entering the food chain 
of Bangladeshis. In this thesis, the total levels of toxic elements (As, Cd, Pb) and essential 
elements (Mn, Se, Zn) in 1,120 samples of Bangladeshi foods (including rice, vegetables, 
fish) and non-foods (betel quid and baked clay) imported into the United Kingdom were 
determined. From this analysis, it is concluded that Bangladeshis are exposed to high levels 
of toxic elements. Inorganic arsenic levels in Bangladeshi rice can be very high, especially 
from regions with high arsenic in groundwater. However, there is a lack of studies in the 
literature regarding arsenic levels in rice from regions in Bangladesh with relatively low 
levels of arsenic in the groundwater. Therefore, rice from one such region (Sylhet district) 
was analysed. The results indicated that boro (mean 71.7 µg/kg) and aman (mean 85.7 
µg/kg) rice from Sylhet contained between 2 to 4-fold lower levels of arsenic, compared to 
other regions of Bangladesh thus far reported in the literature. Arsenic speciation was 
carried out on a selection of rice (aromatic and non-aromatic) from Sylhet region and this 




), which is similar to rice 
grown in other regions of Bangladesh. Importantly, it was found that the arsenic levels of 
aromatic rice (mean 48.5 µg/kg) from Sylhet region was over 40% lower than that of non-
aromatic rice (mean 81 µg/kg). The aromatic rice also contained higher levels of essential 
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elements (such as Se and Zn). It was calculated that for an individual consuming 0.5 kg of 
rice per day, switching from consumption of non-aromatic rice to aromatic rice would 
increase Se and Zn intake by 46% and 23% respectively.  
 
Arsenic speciation was also carried out on other Bangladeshi food and non-food 
items, including fish, betel quid and baked clay, to obtain a better insight into exposure to 
toxic arsenic species. High levels of arsenic (range 3.8-13.1 mg/kg) and lead (range 21-26.7 
mg/kg) were detected in the baked clay samples, which are consumed by some Bangladeshi 
women in an ancient practice known as geophagy. The efficiency of arsenic extraction from 





 was not detected in these samples. Millions of Bangladeshis 
chew betel quid and this contained predominantly As
III
 species (extraction efficiency was 
100%). Arsenic and lead intake from eating baked clay could exceed the provisional 
maximum tolerable daily intake (PMTDI) by 2- and 5-fold respectively. For the first time, 
arsenic speciation in Bangladeshi fish is reported. Hilsha, which is a very popular fish in 
Bangladesh, contained 2.55 mg/day (mean value) of total arsenic. Extraction efficiencies 
(%) were 59 – 89 for fish flesh, over 69% of arsenic present in the extract was dimethyl 
arsenic acid (DMA) species with about 11% arsenobetaine (AsBet) and 19% arsenosugar. 
These studies reveal that rice, betel quids and baked clay can be a significant source of 





 Exposure to cadmium is linked with kidney disease and over 20 million people in 
Bangladesh suffer from chronic kidney disease. Results obtained showed that the daily 
intake of cadmium by the Bangladeshi population from baked clay (mean 17 µg/day), rice 
(mean 18.6 µg/day) and certain leafy vegetables (mean 12 µg/day) was higher total daily 
intake compared to other countries. Surprisingly, puffed rice, which is commonly 
consumed by Bangladeshis, contained much higher levels of cadmium (mean 67.9 µg/kg) 
and lead (mean 98 µg/kg), compared to uncooked rice (cadmium, 37.2 µg/kg; lead, 18.9 
µg/kg). This may be related to the illegal practice of using urea for whitening puffed rice in 
Bangladesh.  
 
Exposure to manganese in the Bangladeshi population through drinking water has 
been previously highlighted as a possible health problem, although the intake from foods 
and non-food has not been reported. The daily manganese intake by Bangladeshis was 
calculated to be 20.3 mg/day, which is higher than any other country in the world thus far 
reported. Betel quid components have high levels of manganese and this was reflected by 
higher urinary manganese the mean urinary Mn levels in chewers (1.93 µg/L, SD 1.8) was 
significantly higher (3.1 fold; P = 0.009) compared to non-chewers (0.62 µg/L, SD 0.4). 
Bangladeshi women who eat baked clay and chew betel quids are likely to be exposed to 
high levels of arsenic, lead and other toxic elements. This is particularly of concern for 
pregnant women as these metals can be transferred to the unborn baby through the placenta. 
 
For assessing the risk of exposure to toxic elements versus intake of essential 
elements from the same foods, a Food Toxicity Scale (FTS) was devised in order to 
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identify foods that are beneficial or harmful. FTS values were obtained by calculating the 
toxic elements : essential elements ratio (As:Se, As:Zn etc) and the value obtained 
subsequently multiplied by toxic element concentration and the quantity of the particular 
food consumed per day. The higher the FTS value, the greater the risk of exposure to 
harmful elements. Rice and leafy vegetables had the highest FTS values, partly because 
large quantities of these foods are consumed. However, lentils and animal products (such as 
small fish) had relatively lower FTS values compared to other foods.   
 
Total daily intake of arsenic (306 µg/day), selenium (90.4 µg/day), cadmium (34.6 
µg/day), lead (74.4 µg/day), manganese (20.3 mg/day) and zinc (11.2 mg/day) in the 
Bangladeshi population was calculated. The intake of arsenic and manganese exceeds the 
PMTDI for these elements. Water was the highest source of arsenic exposure in 
Bangladeshis followed by rice. For cadmium and lead, rice and leafy vegetables were the 
key contributors to the daily intake.  
 
The results presented in this thesis show that Bangladeshis are exposed to high 
levels of toxic elements and how modifications can be made to their diet to not only reduce 
their exposure to toxic elements but also increase the intake of essential elements. This 
could be achieved by a combination of the following:  (i) reducing the intake of rice (by 
about 50%); (ii) switching to eating aromatic rice; (iii) increasing the intake of animal 
products (meat, fish etc.); (iv) decreasing the intake of certain leafy vegetables; and (v) 
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Bangladesh, a country in the south of Asia with a population of about 150 million is one of 
a number of countries that has high arsenic contamination in the groundwater. The statistics 
available on the arsenic contamination in groundwater indicate that 52 districts, around 
80% of the area of Bangladesh (Karim and Begam, 1999), are contaminated and estimates 
show that around 30 million people are at risk (WHO, 2008). Patients with melanosis 
(blackening of skin), leuco-melanosis (white and black spots side by side), keratosis 
(hardening of palms and soles), hyperkeratosis, gangrene and skin cancers have been 
identified in Bangladesh (Tanabe et al., 2001; Hafeman et al., 2006). Arsenic may be 
entering the food chain due to the use of arsenic contaminated water for irrigation purposes 
in Bangladesh (Al-Rmalli et al., 2005; Meharg et al., 2009).  
 
  Beside arsenic, high levels of other trace elements have been detected in 
Bangladeshi groundwater. For example, recently manganese in groundwater has been 
identified as another element that may pose health risks in Bangladeshi populations through 
drinking manganese contaminated groundwater (Frisbie et al., 2009). In a study of 
Bangladesh, selenium deficiency has been reported in Bangladeshi diet (Spallholz et al., 
2004). Also it has reported that children and women in Bangladeshi villages have low 
serum zinc concentrations (Kongsbak et al., 2006; Li et al., 2008). More recently, some 
studies have recommended zinc-biofortified rice as a solution to Zn deficiency amongst 





comprehensive study of Bangladeshi foods and non-foods, which are on sale in the UK 
markets, was achieved. Arsenic and other trace elements (Cd, Mn, Pb, Se and Zn) in these 
foods and non-foods were determined; also arsenic speciation was carried out for some of 
these samples. 
1.1 Physical and chemical properties of trace elements 
1.1.1 Arsenic 
Arsenic (As) is widely distributed in the Earth‘s crust (O‘Neill, 1990). It is a metal-like 
grey material and is usually found in the environment combined with other elements such 
as oxygen, chloride and sulphur. Arsenic combined with these elements is called inorganic 
arsenic. However, when combined with carbon and hydrogen and involves an arsenic-
carbon bond it is referred to as organoarsenic (Ashoworth, 1991; O‘Neill, 1990). The 
oxidation states of arsenic are –3, 0, +3 and +5, of which As(0) and As
III
 are characteristic 








 are the 
most common mobile forms of arsenic. Table 1-1 lists of some properties of arsenic. 
 
Arsenic compounds (inorganic and organic) are white or colourless powders that do 
not evaporate. Some of the most important arsenic species found in the environment 
include the two oxidation states arsenite (As
III
) and arsenate (As
V
). Organic species of 
arsenic include monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), 







Table 1-1: Some properties of As, Cd and Mn (compiled from Lenntech, 2011) 
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-3, 0, +3 and +5 
0.58 (+3) 












0 and +2 
0.97  (+2) 
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Cadmium (Cd) is mainly present in the earth's crust, usually found combined with zinc. It 
also occurs as a by-product of zinc, lead and copper extraction from different minerals. 
About 3% of the impurity CdS can be produced as a by-product of the smelting of zinc 
from its ore, sphelerite (ZnS). Cadmium enters the environment mainly through industrial 
and mining activities, and it is also found in manures and pesticides. Table 1-1 lists some 






Manganese (Mn) is an abundant element in the earth‘s crust. It is present in soil, water and 
food.  It is a pinkish-grey element and it is chemically active. It is also a hard metal and is 
very brittle. It is hard to melt, but easily oxidised. It can burn in oxygen and reacts with 
water. Manganese is a key component of low-cost stainless steel formulations. Other 
manganese compounds are manganese dioxide (used as a catalyst), potassium 
permanganate (oxidizing agent), manganese oxide (MnO) and manganese carbonate 
(MnCO3). Both inorganic and organic manganese compounds are present in the 
environment, inorganic form is the most common. Table 1-1 lists some properties of 
manganese. 
1.1.4 Lead 
Lead (Pb) is a bluish white glossy metal. It is very soft, highly malleable, spongy, and a 
relatively poor conductor of electricity. It is a passive metal and very resistant to corrosion 
but tarnishes upon exposure to air. It is very rare to find lead metal in nature in its metallic 
form. However, lead can be found as an ore with zinc, silver and copper, but the main 
mineral of lead is Galena (PbS). Lead isotopes are the end products of each of the three 
series of naturally occurring radioactive elements. Table 1-2 lists some properties of lead.  
1.1.5 Selenium 
Selenium (Se) is a non metallic chemical element, the main selenium forms are a red 
amorphous powder, a red crystalline material, and a grey crystalline metallike. It has good 
conductivity of electricity and it is used in photo and solar cells. It is mainly used in the 





Some selenium compounds are added to anti-dandruff shampoos. Selenium is rarely present 
on the surface of this planet and it is present in the atmosphere as methyl derivatives. Both 
inorganic and organic selenium compounds can be found in the environment. Table 1-2 
lists some properties of selenium. 
 
Table 1-2: Some properties of Pb, Se and Zn (compiled from Lenntech, 2011) 
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Zinc (Zn) is an abundant element that can be found in soil, water and food. It is a lustrous 
bluish-white metal, which is brittle and crystalline at ordinary temperatures. When heated 
between 110 °C and 150 °C it becomes ductile and malleable. It is a reactive metal that 






1.2 Trace elements in the environment 
1.2.1 Arsenic in the environment 
Arsenic is a naturally occurring element in minerals and soils, and thus is potentially 
airborne, and may subsequently be deposited on land and in water through wind, dust 
particles, leaching and water runoff. Another potential cause of arsenic in the air and in soil 
is volcanic eruptions. Particularly, the substance is linked with those ores mined for metals, 
namely copper and lead, and therefore, during ore mining and smelting processes, the 
element may enter into the environment. Moreover, there is the potential release into the 
atmosphere as a direct result of active incinerators and coal-fired power plants owing to 
coal and waste products commonly comprising some degree of arsenic (Bhumbla & Keefer, 
1994). 
 
Importantly, it is recognised that, once in the environment, arsenic cannot be 
destroyed; rather, its state can only be changed or may otherwise adhere to particles. 
Moreover, its form be changed through reacting with various molecules, including air, 
oxygen, soil or water, or alternatively through bacteria-related actions inherent in sediment 
or soil. With this in mind, it is recognised that arsenic released as a result of combustion 
processes is commonly affixed minute particles, as highlighted by Bhumbla & Keefer 
(1994), whilst arsenic found in the case of wind-borne soil is commonly found in larger 
particles. Notably, such particles can be washed out of the air by rain or may otherwise 
settle to the ground (PHE, 1994). Importantly, prior to being washed away, arsenic attached 





distances. Furthermore, some arsenic may become dissolved in water, and so contamination 
can occur in the case of groundwater, lakes, rivers, snow or otherwise through the discharge 
of industrial wastes. Some arsenic will become adhered to sediment or soil particles on the 
bottom of lakes or rivers, with some subsequently carried by the water. Essentially, 
therefore, the majority of arsenic ends up in sediment or soil (Bhumbla and Keefer, 1994; 
Naidu et al., 2006). 
 
Speciation analysis has been described as an analytical process concerned with 
measuring and/or establishing the volume of one or more distinctive chemical elements 
within a sample (Templeton, 2000), with chemical speciation of environmental arsenic 
considered valuable owing to its toxicity, which markedly depends on the species it creates. 
Importantly, arsenite (As
III
) and arsenate (As
V
) are created as a result of the weathering of 
those minerals containing arsenic, which may, under conditions such as in vivo human body 
and anaerobic environment may be easily reduced to arsenite and absorbed by algae, 
animals, bacteria, fungi and higher plants to organic compounds, namely dimethylarsinic 
acid (DMA
V
) and monomethylarsonic acid (MMA
V
). A number of other arsenic 
compounds to have been identified in the context of living organisms, such as marine biota, 
include, amongst others, arsenobetaine (AsBet), arsenocholine (AsChol), trimethylarsine 
oxide (TMAO), the tetramethylarsonium ion (TMAs) and arsenosugars (Craing, 2003). 
With this in mind, the table below (Table 1-3) provides a number of inorganic and organic 





1.2.1.1 Arsenic in soil 
In soil specifically, arsenic is seen to occur predominantly as an inorganic species, although 
it has the potential to bind to organic substances, as highlighted by Bhumbla &Keefer 
(1994) and Naidu et al. (2006). In the context of oxidising conditions, within aerobic 
environments, arsenate (As
V
) is regarded as a stable species, and is keenly sorbed onto 
clays, iron and manganese oxides/hydroxides and organic matter. Essentially, in iron-rich 
soil, arsenic advances as ferric arsenic, whilst under reducing conditions, arsenite (As
III
) is 
acknowledged as the fundamental arsenic element. With this taken into account, it is 
recognised that inorganic arsenic compounds can be methylated through microorganisms, 
creating under oxidising conditions, monomethylarsonic acid (MMA), dimethylarsinic acid 
(DMA) and trimethylarsine oxide (TMAO). The different types of arsenic present in soils 
ultimately depends on the form and degree of the soil‘s sorbing elements, the redox 
potential, as well as the overall pH. Accordingly, arsenic in the soil of a number of different 
countries have been acknowledged as being within a range of 0.1–40 mg/kg, comprising an 




























































































































































































1.2.1.2 Arsenic in water 
In water, it is acknowledged that arsenic can experience a number of different complicated 
transformations, such as biotransformation, ligand exchange, oxidation-reduction reactions 
and precipitation. However, there is a lack of data concerning such reactions‘ rate 
constants, although the elements most predominantly impacting the processes in water are 
recognised as being the composition and distribution of the biota,iron concentrations, metal 
sulphide and sulphide ion concentrations, oxidation-reduction potential, pH, temperature 
and salinity (Wakao et al., 1988; Naidu et al., 2006). 
 
In water, arsenic is known to occur in the form of, for example, arsenous acid 
(H3AsO3) and arsenic acid (H3AsO4), with suchtypes predominantly occurring as As
V
 in 
oxidising environments, namely surface water and as As
III
 under reducing conditions, 
including groundwater, which may comprise high concentrations of arsenic when water is 
in an anaerobic state. Nevertheless, the decrease of arsenate to arsenite is sluggish, and thus 
the former is commonly identified in reducing environments. Furthermore, arsenite 
oxidation in oxidising environments is relatively slow; thus, arsenite may be identified in 
oxidising environments. Notably, as highlighted by various scholars (Irgolic, 1994; Craig, 
2003; Naidu et al., 2006), methylated species (MMA and DMA) are not commonly found 
to be present in water supplies. Such organic arsenic complexes are usually established as a 
result of inorganic arsenic through microbial actions or otherwise presented through 
implementation as herbicides, as highlighted by the US National Research Council (1999). 







) and hydrogen arsenate (HAsO4
2-
), with the main arsenite 
species known to be arsenous acid (H3AsO3). Arsenic‘s field of stability can be seen in 
Figure 1-1, as well as its species in regard to hydrogen ions (pH) activity and electrons 
(oxidation-reduction) (Eh) activity. Notably, arsenic solubility is somewhat reliant on 
sulphur speciation; thus, the greater the degree of total sulphur concentration, the more 
prevalent arsenic minerals‘ solubility. In this regard, it is true to state that arsenic is 
therefore more inclined to be more soluble in oxidising conditions. Thermodynamic 
information is summarised in an Eh (reduction potential) - pH diagram (Figure1-1) for a 







Figure 1.1: Eh-pH diagram for arsenic at 25°C, one atmosphere with total arsenic 10
-5
 
mol/L and total sulphur 10
-3
 mol/L. Solid species are enclosed in parentheses in cross-
hatched area, which indicates solubility less than 10
-5.3
 mol/L (adapted from Ferguson and 
Gavis 1972). 
 
Arsenic content in unpolluted freshwater typically ranges from 1 to 10 μg/L. Levels 
may increase to 100 - 5000 μg/L in areas of sulfide mineralization and mining. The World 
Health Organization (WHO) maximum permissible limit in drinking water is 50 μg/L and 





1.2.1.3 Arsenic in plants 
In plant tissues, arsenic is seen to accumulate, with the amount of arsenic depending almost 
completely on the volume of arsenic to which the plant becomes exposed. In this way, 
plants‘ arsenic concentration is dependent upon the soil‘s levels of arsenic contamination, 
and thus varies from approximately 0.01 to approximately 1.5 μg/g (dry weight basis) in the 
case of those plants living in uncontaminated soils (Pendias and Pendias, 1984; Naidu et 
al., 2006). With this taken into account, it is true to state that there is little opportunity for 
animals to be affected when consuming such vegetation simply owing to the fact that, 
before toxic concentrations can appear, plant injury is seen to occur (Feed Additive 
Compendium, 1975; Naidu et al., 2006). 
 
It is known that the level of arsenic in the soil can be established by considering the 
tissue of edible plants, with high levels commonly found when the plant is grown in soils 
contaminated by arsenic. Generally, however, individual plants differ in terms of their 
arsenic uptake capacity. For instance, those plants grown in soils with smaller particles, 
namely clays comprising high contents of iron/aluminium and clay-mineral, are generally 
more likely to contain lower levels of arsenic than when grown in soils with larger 
particles, such as sandy loams or sands when all soil types comprise the same 
concentrations of arsenic. Notably, the arsenic uptake of plants may circumvent the soil-
root route through foliage absorption, with overall plant arsenic concentrations seen to be 
lower than in the soils in which they are grown (O‘Neill, 1990; Naidu et al., 2006). 





plant type, it is nevertheless recognised that, generally, terrestrial plant arsenic levels are 
much lower when compared with the soils in which they grow, whilst some aquatic 
macrophytes may accrue arsenic levels not dissimilar to those found in their sediments 
(O‘Neill, 1990). In specific regard to arsenic levels in grass, high levels of arsenic have 
been established in England mine piles, with levels reaching up to approximately 3460 
mg/kg of dry weight. In the context of some urban soil (20 mgAs/kg), levels have been 
found to amount to 3 mgAs/kg dry weight (O‘Neill, 1990). Furthermore, in the case of 
dredged soil (8 mgAs/kg) for growing crops, a number of results have been found in regard 
to concentration factors (mgAs/kg of dry weight): radish (1.0) > grass (0.33) > lettuce 
(0.26) > carrot (0.17) > potato tuber (0.07) > spring wheat grain (0.04). Generally speaking, 
roots are seen to comprise greater levels of arsenic when compared with the plant‘s stems, 
leaves or produce (O‘Neil, 1990). Table 1-4 lists various plant species accompanied by 
excessive arsenic concentrations due to excessive levels in their soils from various 





Table 1-4: Levels of Arsenic in Plants Grown at Contaminated Sites (adapted from 
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Furthermore, the level of arsenic uptake witnessed is also dependent on the soil‘s 
presence of arsenic species, with researches carried out on bean roots demonstrating a 
number of different uptakes, as highlighted here in descending order, first providing the 
species most assimilated arsenate> arsenite> monomethylarsonate> dimethylarsinate. 
During the conduction of tests and experiments, it was found that, in the context of two 





(Marin et al., 1993; Naidu et al., 2006). On the other hand, in another 










 and MMAA were generally found in the roots, although DMAA 





witnessed inertly with phosphate uptake (O‘Neill, 1990). Table 1-5 lists arsenic 
concentrations in common food plants (for humans and animals) (Pendias and Pendias, 
1984; Naidu et al., 2006). 
 
































































As a result of the availability of arsenic to the plant, pH levels can increase up to 





more soluble (Campbell et al., 1985). In this vein, there is much support that augmented 
levels of arsenic uptake is seen in lettuce in the case of high-pH soils, with the 
concentrations of arsenic seen to be as much as 3–4 times greater in lettuce grown in soils 
with a pH of 8 than in soils with a pH of 6, for example (O‘Neill, 1990). With this in mind, 
it can be stated that the phytotoxicity of arsenic is significantly dependent on the species of 
the plant, water availability and soil characteristics (O‘Neill, 1990; Naidu et al., 2006).   
1.2.1.4 Arsenic in fish 
On a global scale, it is known that fish is one of the most fundamental of foods consumed 
by human beings, with Bangladesh recognised as one of the countries consuming this food. 
With this in mind, it is noted that fish is able to accumulate significant levels of arsenic as a 
result of water contamination, with the subsequent consumption of fish having the potential 
to cause arsenic to run through the food chain. During the course of various studies, arsenic 
has been identified in various different levels, with higher concentrations found in seawater 
fish compared with freshwater fish (FSA, 2005; Shah et al., 2009; Sirot et al., 2009). For 
example, during the conduction of a survey within the UK, it was found that the average 
levels of arsenic in fish was 3.214 mg/kg; nevertheless, organic arsenic was recognised as 
the main arsenic species, such as arsenobetaine, with the average inorganic arsenic in the 
UK study 0.016 mg/kg (FSA, 2005). Such information provide a good comparison with the 
European information of arsenic in seafood and fish, which notably fluctuated up to 18 
mg/kg to less than 0.1 mg/kg (European Commission, 2004). Markedly, in the case of both 





arsenocholine (AsChol), MMA and DMA—are predominant (Schoof et al., 1999; Borak 
and Hosgood, 2007). 
1.2.2 Cadmium in the environment 
There is a common association between zinc ores, i.e. sulphate and carbonate, and 
cadmium, and is also recognised as a by-product of the other metals‘ refining processes. 
Nevertheless, through the production of various metals, namely copper, lead and zinc, 
cadmium is commonly found in the environment (WHO, 2010a), as well as in plants, soil 
and water. Notably, after 1945, great volumes of cadmium were released into the 
atmosphere either as an effluent or as dust, subsequently being deposited into fresh water. 
In addition, notable levels of cadmium entered soil as a direct result of agricultural and 
industrial activities (Streppler, 1991). 
 
Cadmium is only found in very low levels (less than 1 µg/L) in uncontaminated 
waters, although soils, on the other hand, are believed to contain up to 5 mg/kg. Such levels 
increase as a result of human activities, resulting in significant contamination around the 
world, as highlighted by Thornton (1992). Moreover, the atmosphere receives the elements 
as vapour as a result of industrial operations (WHO, 2010a), which subsequently 
experiences an immediate reaction, thus producing cadmium oxide in the air, reacting with 
water vapour, carbon dioxide and other gases to produce various cadmium salts, including 
CdS and CdCO3. Such salts are not able to dissolve in water, but, with the passing of time, 
change form and become water soluble, namely through converting into Cd(NO3)2 and 





as adding to the environmental contamination of cadmium (WHO, 1992), with the presence 
of CdSO4 in soil demonstrating that lettuce leaves have Cd levels amounting to800 mg/kg. 
Furthermore, cadmium contamination is also recognised as stemming from fertilisers 
(WHO, 1992). 
1.2.3 Manganese in the environment 
For animal, human and plant life, manganese is recognised as fundamental, important for 
development, growth, and the preservation of good health, and is known to enter the 
environment through a number of different methods, such as via air and water. Notably, in 




, which notably 
change in relation to abiotic or microbial mediators, for example (WHO, 2010).  
 
Soil is known to comprise high concentrations of manganese, which markedly 
travels to air, soil or water. In regard to soil, manganese solubility is established according 
to redox potential and pH (WHO, 2010c). Notably, during recent times, it has been 
recognised that manganese has been identified as another element potentially causing 
health problems amongst Bangladeshi populations through water consumption (Frisbie et 
al., 2009). In this regard, Mn levels higher than the World Health Organisation standard 
(0.400 mg/L) are known to have been identified in the groundwater of 
Bangladesh(Hafeman et al., 2007; Frisbie et al.,2009; Ljung et al., 2009). 
1.2.4 Lead in the environment 
At the Earth‘s crust, lead is known to occur in low concentrations, predominantly as PbS. 





of human activities, namely electronic waste, lead recycling, leaded glass manufacture, 
mining, refining, smelting, and use in water pipes and solder. In addition, another cause of 
environmental lead contamination is owing to volcanoes. Furthermore, a number of other 
natural activities, including geochemical weathering, may cause lead to infiltrate soil, water 
and sediment (WHO, 2010b). Accordingly, water can demonstrate high levels of lead 
contamination, particularly in those areas making use of plumbing systems utilising lead 
pipes.  
1.2.5 Selenium in the environment 
At various concentrations, selenium is found in soil as a result of human activities, such as 
mining, and volcano activity. Overall, low concentrations of selenium are found in soils, 
although such levels are taken up by plants. Furthermore, levels found in water are present 
as selenite and selenate, both of which are inorganic chemical forms. Importantly, the 
species present depends on the water pH. 
 
Upon the movement of water through rocks and soils, the concentration of selenium 
is known to increase, and further accumulates in plants, which depends on environmental 
factors and the plant species. In this regard, plants may be a source of selenium for humans 
and animals through vegetables and other plant produce (Glover et al., 1979). With this 
taken into account, some organic selenium compounds include methylselenol, 
mehylselenite, trimethylselenonium ion, Se-Methonine, selenodiglutathione, and are 
supposed to be present in human fluids; however, thus far, only the trimethylselenonium 





1.2.6 Zinc in the environment 
Zinc is an important component to humans in terms of enzymatic function (WHO, 2001b), 
and is found in great volumes at the Earth‘s crust, present in a number of different minerals 
and rocks at varying levels. ZnS is considered to be the most important ore mineral. The 
transportation of zinc into the atmosphere depends on the overall size of the particle. It has 
the capacity to either accumulate in soil or dissolve in water, although solubility depends on 
the pH, with acidic soils recognised as decreasing the potential of Zn to absorb in soil. 
Markedly, amongst plants, soils and water, zinc is present, with levels in soil, for example, 
ranging between 10 and 300 mg/kg. In the case of fresh water, however, levels are much 
lower at between 0.1 and 50 µg/L, with sea water levels believed to be between 0.002 and 
0.1 µg/L.  
 
1.3 Metabolism and toxicity of trace elements in humans 
Trace elements can be divided into two groups, essential and toxic elements. Toxic 
elements have adverse effect on the human health, leading to death if absorbed in high 
amounts (Figure 1-2). However, essential elements can play very important roles in human 

















Figure 1.3: Health response for essential element (adapted from Fregusson, 1990).  
 
 
1.3.1 Metabolism and toxicity of arsenic 
1.3.1.1 Metabolism 
In the context of in vivo, the metabolic routes for arsenic are dictated by two notable 




 in the plasma; 
and methylation reactions occurring successively in the liver. With this in mind, in humans, 
the inorganic arsenic is methylated [MMA and DMA] in vivo. There is the rapid reduction 





methylation seems to be most apparent in the liver, wherein arsenic methyltransferase 
enzymes facilitatethe overall process of methylation with S-adenosylmethionine, with the 
glutathione (GSH) and methyl donor as an essential co-factor (Wang et al., 2006; Buchet 
&Lauwerys, 1987). Researches carried out on human samples imply that methylation might 
be limited at a dose of approximately 0.2–1 mg each day (0.003–0.015 mgAs/kg.b.w.day) 
(Buchet and Lauwerys, 1987; Marcus and Rispin, 1988; Wang et al., 2006). In regard to 
such researches, arsenic in regard to humans is considered in terms of cleaning and 
decontamination, with various different types of both organic and inorganic arsenic species 
(arsenicals) identified as being present in environmental media, foodstuffs and water. With 
this in mind, it is recognised that humans are commonly exposed to such forms of arsenic. 
With this in mind, each of the arsenic forms has different bioavailability and physico-
chemical properties; thus, researches surrounding kinetics and metabolism of arsenicals in 
both humans and animals are not simple or straightforward topics. Markedly, inorganic 
arsenic compounds of As
III 
are, in the context of tissue components, known to be reactive, 
although methylated arsenic compounds are viewed as being less sensitive, and are 
therefore excreted at a rapid speed (Craig, 2003; Nagvi, 1994).  
 
The intake of arsenic can occur through inhalation via numerous sources, including 
fumes and dust, or otherwise through ingestion, which may occur through food, soil, 
beverages and water. In this regard, only a limited number of studies have considered 
dermal absorption. Thus far, the information available suggests that dermal absorption 





specific regard to certain types of arsenic, it remains that there may be higher rates (WHO, 




], in the context of 
animal samples utilised in a laboratory environment, are known to have crossed the 
placenta, as highlighted by WHO (2001). Such a deduction has been further supported by 
the work of Concha et al. (1998), who states that similar levels of arsenic have been 
recognised in maternal blood and cord blood (approx. 9 μg/L) in regard to maternal-infant 
pairs open to drinking water with high levels of arsenic (approx. 200 μg/L).  
 
In specific regard to animals, the organic arsenic form (DMA) is recognised as 
being the main metabolite; in the context of humans, on the other hand, urinary excretion 
occurs under normal conditions; in other words, without undue inorganic arsenic ingestion, 
of approximately 20% inorganic arsenic, 20% MMA and 60% DMA (Vahter et al., 1984). 
In this regard, it is known that inorganic arsenic is methylated to MMA and DMA in vivo. 
On the other hand, during circulation in plasma, MMA is partially absorbed, with such 
absorbed MMA further methylated to DMA. This is then excreted mainly in an unchanged 
form (Mandal and Suzuki, 2002).  
 
Overall, a number of different arsenic exposure biomarkers have been the target of 
much research, such as the overall concentrations of arsenic found in blood, hair, nails and 
serum, and the total metabolites of arsenic—total arsenic or speciated metabolites—in 
urine; however, it is recognised that low levels of arsenic are excreted through other means, 





recognised that, in urine, the concentration of arsenic may be apparent as a result of 
inhalation or ingestion exposure, and may therefore provide some degree of insight 
concerning the total dose absorbed (Yamauchi &Fowler, 1994; Naidu et al., 2006; Kippler 
et al., 2009).  
 
In relation to a number of researches carried out in the recent past, the concentration 
of arsenic in total urine can be considered as a biomarker of the exposure to arsenic of late. 
This method, however, is not commonly utilised owing to the fact that various 
organoarsenicals, such as arsenobetaine, which is a virtually non-toxic compound, as found 
to be present in large volumes in various foodstuffs, are generally found in an unchanged 
state in urine (Kaise and Fukui, 1992; Le et al., 1994; Lai et al., 2004). Owing to the fact 
that human consumption of seafood, such as bivalves, crustaceans, marine fish and 
seaweed, for example, is believed to be correlated with an enhanced volume of arsenic in 
urinary excretions, as emphasised by Buchet et al. (1996), under such conditions, the 
examination of inorganic arsenic exposure may actually mean inorganic arsenic exposure is 
over estimated.  
1.3.1.2 Toxicity 
Overall arsenic toxicity ultimately depends on its state of oxidation and chemical form. Of 





] following subsequently, both of which are toxic more so than 
organoarsenicals. With this taken into account, a number of vital systems within the body 





inorganic arsenic potentially causing various health-related problems in terms of 
cardiovascular system, gastrointestinal and respiratory tracts, hematopoietic system, liver, 
nervous system, and skin. Moreover, Vega et al. (2001) have noted the levels of arsenic 
species toxicity in human keratinocytes cultures and ranked them in the following order: 
As
III
> monomethylarsine oxide MMAO(III) > complex dimethylarsinous acid with 




Importantly, the principal detoxification pathway is the methylation of arsenic 
compounds (Craig, 2003), although it has been implied through various information that 
methylated metabolites may be only partially accountablewhen considering negative 
outcomes in regard to arsenic exposure (Vega et al., 2001). Furthermore, it has also been 
reported by Maeda (1994) that As
V
 is toxic to not only animals but also to humans, but can 
be more toxic in terms of vegetation. Moreover, in those geographic areas of West Bengal 
(India) known to be affected by arsenic, Chaterjee et al. (1995) have emphasised that the 
most toxic species, As
III
, is known to exist in the groundwater at a level of approximately 
50% total arsenic level. Such volumes cause a number of different skin ailments, such as 
blackfoot disease, hyperkeratosis, pigmentation changes, and skin cancers(see Figure 1-4), 
all of which have shown some form of correlation to medicines and drinking water 
containing arsenic and the consumption of such (WHO, 2001). Toxic effects of arsenic on 







Figure 1.4: Long-term effect of arsenic in drinking water on feet and hands (Harvard, 
2011). 
 
Biological availability, toxicity and transport mechanisms are all considered to be 
significantly dependent on arsenic‘s physico-chemical form. This is potentially rationalised 
as being owing to the fact that As
III
 is reserved in the human body for a longer period of 
time through affixing to the sulphydryl groups (-SH). Such types are common compounds 
of enzymes in the human body, all of which are known to impact the overall rate at which 
metabolic reactions are witnessed. Essentially, alongside enhanced methylation, toxicity 
declines. Monomethylarsonic acid MMA
V
 is considered to be far more toxic than 
dimethylarsinic acid DMA
V
, although it remains that both arsenocholine (AsChol) and 









Table 1-6: Toxic effect of arsenic on different parts of the human body (adapted from 
Fergusson, 1990). 
 










Peripheral nervous system 
Gastrointestinal tract 
Hyperpigmentation, hyperkeratosis, black foot 
disease, gangrene, skin cancer  
Lung cancer (needs confirmation) 
Cirrhosis, heamongioendothioma 
Renal readsorption problems 
Inhibits biosynthesis of porphyrin, affects white 
blood cells 
Spontaneous abortions 
Peripheral neuropathy, paralysis, loss of hearing 
Damage to intestine, intense pain 
 
1.3.2 Metabolism and toxicity of cadmium 
In the human body, cadmium is known to accrue, particular in the lungs and kidneys, as 
recognised by Bernard (2008). This has the potential to result in kidney renal tubular 
damage. Importantly, humans may become exposed to cadmium from a number of sources, 
such as food and soil, with the occupational exposure of workers potentially arising within 
the mining industry. With this in mind, it is possible that cadmium may result in some 
degree of kidney dysfunction, consequently resulting in the re-absorption of various 
elements, namely amino acids, glucose and proteins (Jarup et al., 1998). During recent 
times, researches carried out on both animal and human samples have shown that skeletal 





outcome. In this same vein, the lungs may also be affected as a direct result of exposure to 
cadmium (WHO, 1992). A number of other cadmium exposure-centred outcomes may be 
recognised, including instabilities in terms of calcium metabolism, hypercalciuria, and the 
occurrence of kidney stones. With this in mind, it is noted by the International Agency for 
Research on Cancer (IARC) that cadmium is categorised in Class 1, ‗The agent (mixture) is 
carcinogenic to human‘s (IARC, 1993). Furthermore, in direct regard to industrial 
exposure, there is a relation between lung cancer and prostate cancer.  
 
As can be seen from reviewing related texts, the epidemiological data linking 
cadmium and lung cancer are more apparent than for prostate cancer, whilst correlations 
between cadmium and liver, kidney and stomach cancer still remains indistinct (Waalkes, 
2000). 
1.3.3 Metabolism and toxicity of manganese 
It is known that a number of fundamental metabolic functions in humans are facilitated 
through manganese, including energy metabolism, enzyme activation, immunological 
system and nervous system, and is also known to be essential in blood clotting, the control 
of cellular energy, and tissue growth, as noted by Erikson & Aschner (2003). Notably, there 
are three main metabolic functions associated with manganese: primarily, it stimulates the 
gluconeogenic enzymes pyruvate carboxylase and isocitrate dehydrogenase; secondly, it 
provides the mitochondrial membranes with protection; and finally, glycosyl transferase, 
which is involved in saccharide synthesis, is activated through manganese (Zlotkin et al., 





role in this. With this in mind, the deficiency of manganese has undergone much research 
in the context of animals, with the finding established that diet is able to impact the 
production of both hyaluronic acid and heparin (Zlotkin et al., 1995). In addition, it has also 
been stated that manganese is known to be a neurotoxic element: for instance, in France, a 
number of employees exposed to manganese in great concentrations, such as through 
smelting and mining, have experienced various ailments believed to be a result, including 
limb tremor, muscle weakness and salivation (Santamaria, 2008). In this regard, it is 
recognised that manganese toxicity has the potential to cause brain damage through such 
issues, with disease referred to as Manganism and recognised as being not dissimilar to 
Parkinson‘s disease (Santamaria, 2008).  
1.3.4 Metabolism and toxicity of lead 
It is also known that lead is able to induce various biological impacts depending on the 
exposure, both in terms of duration and level. As a result of such exposure, morphological 
changes and death are both possible owing to the inhibition of enzyme production. With 
this stated, it is recognised that children are more susceptible to the impacts of lead owing 
to behavioural, neurological and metabolic reasons. More importantly, lead is able to affect 
the central nervous system, which is an affect applicable to both adults and children. In this 
vein, epidemiological researches imply that minimal exposure of a foetus and developing 
child may notable result in damage to the learning capacity and the neuropsychological 
development, for example(Goyer, 1986). Furthermore, following long-term exposure to 
lead, a number of neurobehavioural changes have also been identified, with kidney function 





1.3.5 Metabolism and toxicity of selenium 
Although there is not a wealth of understanding concerning the metabolism of selenium in 
the human body, it is nevertheless considered to be a fundamental element, which occurs in 
body tissues affixed to proteins, i.e. selenoproteins, as highlighted by Sunde (2000). 
Importantly, in the body, 50% of all selenium can be found in skeletal muscles, although 
erythrocytes, the immune system and platelets are also known to contain high volumes. The 
chemical is excreted from the body through the urine (Burk and Levander, 2002). S-
methylselenocysteine is the major selenocompound in Se-enriched plants, namelybroccoli 
flowers, garlic, onions, and sprouts; however, Se-Cys mainly derives from meat sources, as 
noted by Whanger (2002). Markedly, a number of selenocompounds are comprised within 
selenium, all of which arecommonly found in the urine, i.e. selenite, selenate, 
methylselenol, mehylselenite, trimethylselenonium ion, Se-Met, selenodiglutathione. 
Nevertheless,it remains that only the trimethylselenonium ion has been found in human 
urine, as supported by the work of Francesconi & Pannier (2004). In addition, it has been 
recognised that selenium plays a role in the decrease of arsenic toxicity owing to the two 
elements behaving as metabolic antipodes (Hsueh et al., 2003). 
 
The deficiency of selenium was initially established in China, with the disease 
believed to be instigated through low Se levels in soil in Keshan (China). Accordingly, 
there was a low intake of Se, sometimes lower than10 μgSe/day. In contrast, high levels can 
be toxic to people, although this ultimately depends on the species of selenium. In this 





selenosis, which is an illnesscharacterised throughabnormal functioning of the nervous 
system, fingernail changes and brittleness, garlic breath, gastrointestinal disturbances, hair 
loss and skin rash. Moreover, toxicity is also linked with thyroid hormones syntheses 
(Goldhaber, 2003). 
1.3.6 Metabolism and toxicity of zinc 
In regard to zinc, it is recognised that the importance of this mineral has undergone much 
study and has been well documented. It is known that, in humans, there are between 2 g and 
3 g of zinc found, with in excess of 200 enzymes requiring zinc in order for their activities 
to continue. Furthermore, a healthy immune system requires zinc, which can help to ensure 
skin problems are overcome. Owing to its importance, it is believed that human adults 
should take 15mg of zinc each day; deficiency can result in hair loss, night blindness, loss 
of smell, being open to infections, skin problems and an under-performing immune system. 
In contrast, however, there are various problems associated with a high intake of zinc, 
including diarrhoea, dizziness, drowsiness, hallucinations, nausea, and weakness of the 
immune system (Sigel, 1983; Harper et al., 1990; Prasad, 1988).  
 
1.4 Trace elements in foodstuffs 
Arsenic in groundwater is of common occurrence in various parts of the world, e.g. 
Argentina, Bangladesh, Canada, Chile, China, Finland, Hungary, Japan, Mexico, Southern 
Thailand, Taiwan, United Kingdom, USA, Vietnam and India (Mandal and Suzuki, 2002) 









Figure 1.5: World map presents regions with documented arsenic problems in groundwater 
(As > 50 µg L
-1
). Source of diagram: British Geological Survey (BGS, 2001). 
 
1.4.1 Arsenic in foods 
Notably, the majority of foodstuffs do contain some form of chemical, whether natural or 
synthetic, all of which could pose a number of different toxicity-related issues to 
consumers. In regard to food toxicology, there are natural contaminants and those 
intentionally introduced, the latter of which may include food additives, pesticides and 
veterinary drugs. Importantly, metal concentrations can be increased through the release of 
hazardous pollutants into the environment, subsequently meaning food supply is 





production and handling of food; therefore, in addition to vegetation growth, there may be 
various factors resulting in the contamination of food.  
 
In regard to arsenic, a number of foods do contain the chemical although in less 
toxic states. Food is widely acknowledged as being one of the most common sources of 
arsenic (WHO, 1982), with seafood and fish recognised as containing the greatest 
concentrations owing to water contamination, although arsenic, in this regard, is regarded 
as being less harmful owing to it being an organic form (Francesconi and Edmonds, 1994). 
Nevertheless, following digestion, methyated arsenic compounds are formed from 
arsenosugars, and are regarding as being far more toxic forms. On the other hand, humans 
are more likely to be negatively affected by inorganic arsenic forms. More specifically, 
following ingestion, approximately 80% of arsenobetaine is excreted from the human body 
in an unchanged form (Kaise et al., 1985; Lai et al., 2004).  
 
Notably, in food, both inorganic and organic states of arsenic are found to be 
present, with reports emphasising that seafood and fish may amasslarge volumes of arsenic 
as a direct result of their environment (Ebisuda et al., 2002). For instance, it is considered 
that Bangladeshis consume a number of different types of fish in their diet, although few 
researches have thus far highlighted levels ofarsenic and their speciation in Bangladeshi 






A number of researches—such as Tusdu et al.(1995), Debeka et al. (1993), Gundern 
(1995), MAFF (2000), Roychowdhury et al. (2003), Alam et al. (2003), Das et al. (2004) 
and Al-Rmalli et al. (2005), to name a few—have established arsenic as being present in 
foodstuffs, with contamination-related information based on analytical determinations of 
substances levels in certain foods. In this regard, the data concerning food consumption 
have been garnered through the conduction of dietary surveys. In this regard, three different 
methods may be utilised with the aim of examining and evaluating dietary exposure to a 
substance: firstly, Total Diet Study (TDS), sometimes referred to as the Market Basket 
Approach; secondly, the Duplicate-Meal Study (DMS), commonly referred to as Duplicate 
Portion Method; and finally, individual food items‘ selective analysis. 
 
Moreover, a number of other researches postulate that valuable evaluations carried 
out between intake predictions, subsequently used for different research designs, are not 
endorsed owing to the fact that, in a number of different instances, researches are not seen 
to have been dependably comparable, such as in terms of methodology and sample age 
groups, for example. Nevertheless, predicted dietary intake established through two 
different approaches, namely TDS and DMS, have been previously contrasted by Tsuda et 
al. (1995), who have found no notable disparities between the two different approaches.  
1.4.2 Cadmium and Lead in foods 
It is known that there is a presence of cadmium within the environment, although, in the 
context of Bangladesh, the concentrations were found to be relatively low in drinking water 





river and well waters may be markedly contaminated by cadmium. Importantly, in this 
regard, environmental cadmium exposure is, on a global scale, mainly attributable to food, 
with airborne cadmium atmospheric deposition resulting from the application of fertilisers 
containing the chemical, mining activities, and sewage sludge on farming land resulting in 
soils contamination and enhanced levels of cadmium uptake by vegetables and crops grown 
for human consumption. Markedly, it is recognised that all foods contain cadmium in 
various degrees, including cereals, fish and vegetables (Kachenko and Singh 2006; 
Karavoltsos et al., 2008). In consideration of the intake levels of cadmium, this various 
between countries, with the UK demonstrating 13 μg per day whilst Bangladesh, on the 
other hand, is approximately 9.5μg (Alam et al., 2003; Ysart et al., 1999).  
 
Furthermore, it is recognised that lead is a toxic element, and can be identified in a 
number of different foodstuffs, including vegetables. Notably, the main source of Pb 
contamination is food, with leafy crops known to amass high volumes of Pb when 
compared with non-leafy ones, i.e. rice and other cereals. Importantly, it is recognised that 
exposure to high volumes of lead is responsible for a number of different health-related 
issues, including lung cancer (De Palma et al., 2008), immnuotoxicity (Mishre, 2009) and 
neurotoxicity (Verstraeten et al., 2008). With this in mind, as a result of enhanced 
industrialisation, which goes hand-in-hand with the utilisation of Pb-based chemicals and 
fuels, Bangladesh is experiencing greater exposure, which is quickly being recognised as a 





in their blood (Kaiser et al., 2001). However, no study for Bangladeshi food has been done 
(for more details see Chapters 4 and 7). 
1.4.3 Manganese in foods 
Manganese has been identified in all different food groups, including cereals, tea leaves and 
vegetables, with a number of researches having highlighted a keen link between children‘s 
intellectual performance and Mn exposure through drinking water (Brown &Foos, 2009), 
as well as levels of infant mortality (Hafeman et al., 2007). During more recent times, 
Ljung et al. (2009) considered the levels of Mn in drinking water and the link with a 
number of different biomarkers during the earlier stages of pregnancy, targeting 
Bangladeshi women as the sample. Although there has been much investigation into the 
relationship between Mn intake from water and urine and blood concentrations, thus far, on 
strong link has been established, which may be rationalised through the failure to consider 
Mn intake from foods, despite the wide acknowledged that the main sources of Mn are 
cereals, tea leaves and vegetables.  
1.4.4 Selenium and Zinc in foods 
It is known that selenium levels range from low to high levels in different foods, such as 
Brazil nuts, cucumber, grain, mushroom, shellfish and wheat (Ogra et al., 2004). 
Furthermore, plants—mainly leafy vegetables—are known to comprise high levels of zinc, 
with levels reaching concentrations of 301 mg/kg in lettuce grown in contaminated soil, 
compared with 77 mg/kg in lettuce from non-contaminated soil, with levels of zinc found in 
other vegetables ranging between 0.4 to 35 mg/kg in non-contaminated soil compared to 4 





1.4.5 Trace elements in non-foods 
The deliberate eating of non-food or non-nutritive substances is known as pica (Woywodt 
and Kiss, 2002). Many different types of pica have been described in the literature such as 
ingestion of baby powder, charcoal, calcium hydroxide (lime), ash, uncooked starch and ice 
(Young et al., 2008). Betel quid and tobacco chewing are the most common type of non-
food consumption. Geophagy is also one of the most common types of pica and involves 
deliberate eating of earth such as soil and clay. It is an ancient practice that is still 
widespread in many parts of the world such as in Asia, Africa and South America, North 
America and parts of Europe (Ghorbani, 2008). Many diseases have been associated with 
the chewing betel quid including oral cancer (particularly cancer of the bucal and labial 
mucosa) (Nandakumar et al., 1990; Sankaranarayanan et al., 1998) and oral submucous 
fibrosis (Auluck et al., 2008). Chewing Piper betel leaves and betel nut, either with or 
without tobacco, can cause cytogenetic changes in the oral epithelium; it is a strong factor 
for development of oral submucous fibrosis and mouth cancer (Vanwyk et al., 1993). 
 
Very little work has been done on the intake of arsenic and other toxic elements 
(Cd, Pb), from non-food sources such as betel quid chewing (for more details, see Chapter 
5) and baked clay (for more details, see Chapter 6), in populations that are exposed to 
arsenic through drinking water. Betel quid and their components are widely consumed in 
arsenic contaminated regions of Bangladesh and India. Exposure to As, Cd, Pb and other 
elements from betel quids have not been previously considered despite the fact that millions 






arsenic intake from various types of foods consumed in Bangladesh (Alam et al., 2003; Das 
et al., 2004; Al-Rmalli et al., 2005), however, these studies did not include contribution 
from non-foods such as betel quids and baked clay. Piper betel leaves and Areca nut are the 
main components in betel quid, arsenic in Piper betel leaves was measured by Al-Rmalli et 
al. (2005) and arsenic in areca nut was recently measured by Signes et al. (2008a). In 
contrast, no previous studies have reported arsenic content and its species in betel quid. 
Hence, it is very important to monitor the impact of this chewing material on different 
populations.  
 
1.5 Risk assessment of Arsenic 
Particularly, across the globe, instances of arsenic poisoning have been witnessed, with 
sources including both natural and industrial. There has been much documentation 
surrounding the contamination of arsenic in the well waters of the south-west coast of 
Taiwan (1961–1985) (Thornton, 1997), with the arsenic content of the well water examined 
and subsequently found to be in the range of 0.01–1.82 mg/L. Moreover, in 37 villages 
comprising more than 40,000 individuals, chronic arseniosis was identified, in addition to 
in excess of 7,000 cases of blackfoot disease, hyperpigmentation, as well as cancer in the 
bladder, kidney, liver, lung, skin and prostate (Tsai et al., 1998). 
 
It has been established by Smith et al.(2000) that, in northern Chile, there have been 
increased occurrences of arsenic-induced bladder and lung cancer and skin lesions, as well 





regions, including Xinjiang Uygur A.R., Inner Mongolia and Shanxi, endemic arsenicosis 
was found during the 1980s. Moreover, in the case of these areas‘ groundwater, arsenic 
concentration was found to be in the range of 220–2000 μg/L, with levelsincreasing up to 
4400 μg/L in various areas, as noted by Lianfang &Jianghong (1994). As a result, a 
significant portion of the population were exposed to chronic arsenic poisoning as a direct 
result of consuming well water comprising arsenic in high volumes. Furthermore, in China, 
more than 2 million people were exposed to high arsenic volumes, with more than 20,000 
Chinese patients developing arsenicosis in 2000 alone (Sun et al., 2001). 
 
In the context of America, of 992 drinking water samples gathered from households 
in New Hampshire, with the highest concentrations subsequently recognised in New 
Hampshire bedrock wells, amounting to approximately 50 μg/L. Notably, the 
concentrations of arsenic were in the range of 0.003–180 μg/L, with water from domestic 
wells found to have notably greater volumes of arsenic when compared with water from 
municipal sources (Peters et al., 1999). Furthermore, in Japan in 1994, arsenic was found to 
be over the allowableconcentrations for drinking water use (0.01 mg/L) in well waters, with 
high concentrations found to be amounting to 0.293 mg/L, which is a markedly high level 
when contrasted alongside other arsenic-containing well waters in the context of other 
Japanese regions (Kondo et al., 1999). 
 
Bangladesh, is known to have high levels of arsenic contamination in its 





amongst 41 of 64 districts (Samanta et al., 1999). Groundwater with elevated arsenic 
concentrations (>50 μg/L) has also been recognised in regard to sedimentary aquifers in a 
number of different geographic locations across the globe (Mandal and Suzuki, 2002). With 
this in mind, during recent years, extensive arsenic occurrence in groundwater from Bengal 
Delta Plain in Bangladesh and the adjoining state of West Bengal, India, has been 
recognised as a fundamental area of concern. It is known that should arsenic-rich 
groundwater be used for irrigation, there is the likelihood of arsenic bioaccumulation in 
crops, which then means such contamination is witnessed across the human food chain. 
With this taken into consideration, the levels of arsenic recognised in rice amongst those 
areas contaminated are believed to be 2–3 times greater than in areas not affected by 
contamination, as noted by Hironaka &Ahmed (2003). Moreover, in specific consideration 
to Bangladesh, the main source of the population‘s water—for drinking and cooking 
purposes—is from tubewell water extracted from shallow aquifers (Ali et al., 2003). 
 
The arsenic concentration of rice produced in arsenic-contaminated area is 2 to 3- 
fold higher than that produced in unaffected districts (Hironaka and Ahmed, 2003). In 
Bangladesh tubewell water extracted from shallow aquifers is the primary source of 
drinking/cooking water for most of its population, particularly the rural population (Ali et 







Figure 1.6: Map of Bangladesh presenting regions with documented arsenic problems in 









From the literature survey, many studies have investigated trace element levels in foods 
around the world; some of them have detected arsenic in Bangladeshi foods and 
groundwater. Majority of these studies have focused on arsenic levels in groundwater and 
others detected arsenic in some foods, especially rice, from contaminated areas of 
Bangladesh. However, few studies focused on arsenic levels in rice and vegetables from 
non-contaminated areas of Bangladesh.  Furthermore, there are no systematic studies in the 
literature that compared arsenic levels in aromatic and non-aromatic rice. Also very few 
studies have measured other trace elements (both toxic and essential elements) in 
Bangladeshi food including rice, vegetables.  
 
Although fish is the major animal product in the Bangladeshi diet, no previous 
studies have determined arsenic and its species in Bangladeshi fish. There are virtually no 
studies in the literature that have considered the arsenic intake from ingestion of non-food 
items by Bangladeshis such for example the determination of arsenic and its species in betel 
quids and baked clay (non-foods). Consumption of these non-foods are very common 
(especially betel quid chewing) amongst Bangladeshis and they can affect the estimation of 
the total daily intake of arsenic for Bangladeshis. The total daily intakes of other trace 
elements such as lead, manganese, selenium and zinc for Bangladeshis have not been 
previously investigated although this important for evaluating the health of humans, 






1.6 Aims of the study 
This thesis investigates the potential of human exposure to toxic elements (such as arsenic) 
and evaluates the deficiency of essential elements (such as selenium and zinc) through the 
consumption of Bangladeshi foods and non-foods. 
  
Objectives of this thesis are as follows:  
 To measure levels of arsenic, cadmium, lead, manganese, selenium and zinc in 
Bangladeshi foods and non-foods including rice, vegetables, fish, betel quids and 
baked clay.  
 To identify arsenic species, in a selection of Bangladeshi foods and non-foods 
including rice, fish, betel quids and baked clay. 
 To determine and estimate the daily intakes of arsenic, cadmium, lead, manganese, 
selenium and zinc from individual foods and non-foods and also to estimate the 
total daily intakes of these elements for Bangladesh.  
 To study arsenic, cadmium, lead, manganese, selenium and zinc in urine of 
Bangladeshi volunteers and compare these levels between betel quid chewer and 
non-chewers. 
 To estimate risk assessments of the Bangladeshi diet by estimating the Provisional 
Maximum Tolerable Daily Intakes (PMDTIs) and Target Hazard Quotients (THQs) 






2 ANALYTICAL METHODS 
2.1 Instrumental techniques 
2.1.1 Introduction 
A number of different analytical approaches have been applied in order to establish the 
overall levels of trace elements contamination in non-foods and foods, includingapproaches 
such as inductively coupled plasma mass spectrometry (ICP-MS), which are regarded as 
being appropriate for all elements, inductively coupled plasma atomic emission 
spectrometry (ICP-AES), hydride generation atomic absorption spectrometry to measure 
arsenic, selenium and their speciation (HG-AAS) (Vinas et al., 2003), hydride generation 
inductively coupled plasma mass spectrometry (HG-ICP-MS), (Munoz et al., 1999; 
Roychowdhury et al., 2002; Judith et al., 2002; Gallagher et al., 2001) and graphite furnace 
atomic absorption spectrometry GF-AAS (Schoof et al., 1999). In the context of this 
research, there was the utilisation of ICP-MS in order to establish the levels of arsenic and 
other trace elements in Bangladeshi non-foods and foods, as well as high-performance 
liquid chromatography (HPLC) used in combination with ICP-MS (HPLC-ICP-MS) with 
the objective to distinguish between and accordingly calculate arsenic species in the context 
of such samples. Furthermore, HG-AAS with Zeeman background correction was adopted 






Markedly, ICP-MS is a commonly implemented method for identifying trace 
elements in environmental samples, such as biological, soil and water samples. The method 
ensures highprecision compared with many other techniques (Gallagher et al., 2001).  
2.1.2 Inductively coupled plasma mass spectrometry (ICP-MS) 
Furthermore, Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is recognised as 
an analytical approach applied for elemental determinations in different types of samples. 
Importantly, ICP-MS is recognised for its high precision and sensitivity, as well as its low 
detection limits, and are therefore considered to be at least parallel but otherwise better than 
those obtained by Graphite Furnace Atomic Absorption Spectroscopy (GF-AAS). It is 
recognised that ICP-MS is commonly utilised in both geochemical and chemical 
laboratories. Moreover, as well as having a low detection threshold, the tool also offers a 
number of other benefits, including the capacity to deal with both complicated and simple 
matrices, regardless of possible matrix interferences, owing to ICP-source 
hightemperatures. Moreover, it also facilitates the gathering of isotopic data. More 
specifically, ICP-MS blends togethera high-temperature ICP (Inductively Coupled Plasma) 
source alongside a mass spectrometer (MS), and is thus a toolable to be used alongside 
high-performance liquid chromatography (HPLC), which is known to be extremely 
valuable in terms of dividing and establishing element speciation, i.e. selenium and arsenic 
(Inoue et al., 1994). 
 
Markedly, the plasma is produced into a low-pressure interface comprising both a 





channels. There is a radio-frequency (RF) generator, which is linked with the RF load coil 
and, upon the supply of energy to the load coil from the generator, at the end of the plasma 
torch, magnetic fields and oscillating electric are established (see Figure 2-1). Accordingly, 
in order to ensure element interference is avoided, such as As
75




Cl, nitrogen gas is used. Undoubtedly, it is recognised that HPLC is a 
widespread analysis approach widely implemented owing to its ease of use and also owing 
to the fact that it is not limited in terms of the sample‘s thermal stability or volatility. 
Moreover, HPLC is commonly utilised in order to establish the identification, purification, 







Figure 2.1: Plasma torch of the ICP-MS instrument (Thermo-Fisher). 
 
 
Figure 2.2 shows a photograph of the ICP-MS [A Thermo-Fisher Scientific X-
SeriesII instrument equipped with CCTED (collision cell technology with energy 
discrimination), USA] instrument at Nottingham University. This setup was used for the 
determination of total arsenic in digested solution of foods (including rice, vegetables, fish 
etc), non foods (such as betel quid and baked clay) and human urine samples (more details 







Figure 2.2: Inductively coupled plasma mass spectrometer (A Thermo-Fisher 
Scientific X-SeriesII instrument). 
 
Figure 2.3 shows a photograph of the Agilent 7500 ICP-MS (Agilent Technologies, 
UK) instrument at British geological survey (Keyworth, UK). This setup was used for 
arsenic speciation analysis in rice, fish and baked clay samples (more details are provided 











2.1.3 Atomic absorption spectrometry 
Atomic absorption spectrometry measures the absorbance in the flame. Atomic absorption 
spectrometry is applicable to the determination of most elements of the periodic table 
(almost all metals and metalloids and some non-metals) in a wide variety of samples, 
including biological, clinical, environmental, food and geological. Hence it is one of the 





commonly used for AAS. The flame is widely used because of its ease of use for elemental 
analysis in the part per million (mg/L) levels. However, the use of a graphite furnace as the 
atomizer is used when a limited sample volume is available or when lower analyte 
concentrations (part per billion, µg/L level) are present in the sample.  
 
The fundamentals of quantitative atomic absorption measurement for the 
determination of elements depend upon the absorption of radiation by free ground state 
atoms. A monochromatic light beam, with intensity (I
o
) delivered by the source, enters the 
cell containing the gaseous analyte (Figure 2-4). The transmitted beam (I) then passes into a 
detection system that converts the light beam into an electrical signal. With an analyte 








Figure 2.4: Schematic diagram of atomic absorption process, where b is the length of the 







The absorbance (Eq.2), derived from the logarithm of T (Eq.1), obeys the Beer-
Lambert Law.   
 
  A=log 1/T  or log (I°)/I⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯(2) 
 
Note that absorbance increases as transmittance decreases, indicating that as more 
atoms are present in the cell, the absorbance increases. The quantitative relationship 





Where A is absorbance; ε is the absorption coefficient, unique to the atoms of the 
analyte at a specified wavelength; b is the optical path length and c is the concentration of 
the analyte (Beaty et al., 1993). 
2.1.4 Graphite furnace atomic absorption spectrometry (GF-AAS) 
Graphite furnace atomic absorption spectrometry (GF-AAS) (Figure 2-5) is also known by 
various other acronyms, including electrothermal atomic absorption spectrometry 
(ETAAS). In GF-AAS, samples (solid, liquid, or gas) are deposited in a small graphite 
tube, which can then be heated to vaporize and atomise the analyte (Butcher and Suedden, 











2.1.5 High Performance Liquid Chromatography (HPLC) 
Importantly, it is recognised that, through the use of HPLC, chemical separations can be 
achieved through making use of the fact that various compounds comprise a number of 
different polarities, thus resulting in various migration rates within a particular column and 
mobile phase system. Essentially, the mobile phase and choice of stationary phase dictates 
the degree and extent to which separation is recognised. 
 
A number of different techniques have been implemented for the purpose of 





chromatography; this is an approach based on positively or negatively charged species‘ 
interactions with a stationary phase comprising an anionic functional group (cation 
exchange) ora cationic functional group (anion exchange). 
 
Furthermore, as well as the ion exchange HPLC column, there are also reversed 
phase columns comprising a stationary phase, established from silica bonded chemically 
with an alkylsilyl compound to give a non-polar, hydrophobic surface (Lim, 1986). With 
this in mind, separation is owing mainly to polar interactions occurring between the 
stationary phase surface. Notably, micellar liquid chromatography has been utilised for the 
purpose of achieving the separation of arsenic species (Londesborough et al., 1999). 
Furthermore, it is also recognised that one ideal technique for separating small charged 
organometallic ions (organoselenium and organoarsenic) is ion exchange chromatography, 
although this may also be valuable for metalloproteins fractionation (Szpunar, 2000).  
 
Upon the selection of the ion chromatography column, the mobile phase needs to be 
enhanced and improved in consideration of individual species‘ separation. Notably, the 
mobile phase includes ions able to impact those interactions occurring between the 
stationary phase and species of interest; thus, separation optimisation can occur through 
adjusting the concentration and the pH. Figure 2-7 shows a schematic HPLC 




















2.1.6 X-ray Fluorescence Spectroscopy (XRFS) 
X-ray fluorescence spectroscopy utilises multi-element determination in a number of 
different environmental, geological and industrial materials, and is commonly implemented 
in laboratory settings with the aim of calculating the presence of elements in clay and soil 
samples. In addition to a large calibration range, extending a 1000 ppm for most trace 
elements, its detection limits in the sub-ppm or ppm range are possible together with large 
calibration range. Notably, the samples of soil are arranged into a dry, fine powder state and 
accordingly made into pellets with the use of an inert binder, with such samples commonly 
prepared with the aim of conducting a trace element analysis. Nevertheless, a number of 
key elements are examined through fused glass bead analysis. Samples were analysed using 







Figure 2.8: Energy dispersive X-Ray Fluorescence Spectrometry (XRFS) (PANalytical 
Axios advanced WD-XRFS). 
 
2.1.7 Microwave digestion 
In the context of organic and analytical laboratory practice, microwave heating has become 
widely used and is now recognised as being an extremely valuable and non-polluting 
approach of activation. With this in mind, it is recognised that microwaves are 
electromagnetic waves comprising a frequency range of 100 MHz–3 GHz; thus, such 
energy has the potential to act as non-ionising radiation, thus triggering ion molecular 





structure (Chemat et al., 2004). Markedly, the use of a microwave digester (Figure 2-10) 
may be considered in mind of various environmental samples‘ digestion owing to its 
capacity to deliver a cleaner, faster, more reproducible, more accurate and safer approach to 
sample preparation alternatives. 
 
 
Figure 2.9: CEM, Microwave digestion MARS Xpress, USA. 
 
Trace metal analysis has become increasingly important to many areas of scientific 
work. Open and close microwave systems were used for digesting different samples with 
different concentration of nitric acid to determine arsenic and other trace elements. Some 





microwave heating to determine arsenic in foodstuffs. In this study, microwave heating was 
used to digest some foodstuff sample because this method is faster and cleaner.  
 
2.2 Experimental procedures 
2.2.1 Sample collection 
2.2.1.1 Foods and non-foods 
Different types of foods and non-foods which are widely consumed in Bangladesh were 
analysed. Foods including rice and vegetables, fruits, freshwater fish, betel quid and its 
components [Piper betel leaves, areca nut, lime, tobacco and flavoured tobacoo (zarda)] 
and baked clay (called Sikor) were purchased from the UK based ethnic shops in the cities 
of Leicester, Birmingham, London and Luton during the months of September 2008 and 
June 2010. The products analysed in this study were mainly of Bangladeshi origin and are 
popular within Bangladeshi communities living in the UK and in Bangladesh.  
2.2.1.2 Urine sample collection and study population 
Ethical approval from De Montfort University, Faculty of Health & Life Sciences, Ethics 
committee, was obtained for a study investigating the dietary and life-style habits of 
different ethnic groups in the United Kingdom including members of the Bangladeshi 
community. This involved the use of a questionnaire and collection of urine samples. The 
samples were collected and kept at -20 
o
C until further analysis. Informed consent was 
obtained from the volunteers prior to sample collection and questionnaire completion. The 





chewer and non-chewers). Urine samples from 37 volunteers (15 chewers and 22 non-
chewers) were collected from Leicester city in the UK during September 2009. The age of 
volunteers was in the range 28-71 years (median; 47 years for males and 36 years for 
females). All these volunteers reported to be non-smokers and did not consume alcohol. 
The ratio of male:female was 2.5:1 for both groups combined, but was 1:1 for the chewers.  
2.2.2 Pre-treatment of samples 
Food samples were treated before digestion in different ways. Cereals including rice and 
puffed rice were ground using a coffee grinder and then kept for analysis. However, 
vegetables were washed three times with tap water and then with distilled water, before 
being dried in an oven at 80 
o
C overnight. The samples were then ground to a powder for 
analysis. The present moisture content for all samples was calculated by measuring lost 
weight before and after drying. Fish samples were cleaned and then dried using a freeze 
dryer. Frozen fish samples were used and drying of the fish samples overnight by using the 
freeze dryer. Then the fish samples were ground and prepared for analysis. 
 
Non-foods were treated as the following: Piper betel leaves were washed with water 
three times, dried in an oven overnight and then ground. However, betel nut, tobacco, lime 
and zarda were ground as a powder for analysis. Powder was prepared from baked clay and 






Urine samples were collected in clean polypropylene tubes and immediately kept in 
a freezer at -20 
o
C to avoid any contamination. The samples were then melted and used for 
analysis. 
2.2.2.1 Betel quid preparation 
Some betel quid samples (ordinary and sweet) were collected from ethnic shops. However, 
betel quids were also prepared in the laboratory by combining different chewing 
components in proportions that are commonly used in commercial preparations. Additional 
information from betel quid chewers was also used for this preparation. There is no 
literature data on precise quantities of the various components of betel quids that make up a 
typical betel quid. In the current study, one leaf (approximately 1 g dry weight), combined 
with areca nut (approximately 4 g), lime (approximately 0.4 g) and tobacco (0.4 g – either 
tobacco leaves or zarda) we used. The quantities of these materials used in the quid can 
vary and some chewers do not include tobacco or lime in their quids. Ordinary quid 
contains Piper betel leaf, areca nut, some lime and some tobacco. Sweet quid contains 
similar components as the ordinary quid but with additional components such as pan 
masala, coconut, cumin and flavoured tobacco (zarda). The betel quids were dried 
overnight in an oven at 80 
o
C and then ground with a grinder before digestion for analysis 
using ICP-MS. Dry weight of betel quids ranged from 5.5 to 11 g with an average of 7 g. 
This average weight, together with the mean trace elements concentrations of ordinary betel 
quids was used for calculating the Provisional Maximum Tolerable Daily Intakes 





2.2.3 Sample digestion 
2.2.3.1 Food sample analysis 
Cereal (rice), vegetables (leafy and non-leafy), fruits and fish samples were digested. A dry 
ground weight (0.3 - 0.5 g) of sample was mixed with 4 ml of 70% nitric acid (HNO3) 
Romil-UpA (Romil Ltd., Cambridge, UK) and 2 ml of hydrogen peroxide (H2O2) and then 
digested for 40 minutes using a microwave digester at a total pressure of 20 bars and a 
maximum temperature of 125 °C (Anton Paar - Multiwave 3000 Microwave Sample 
Preparation System, Graz, Austria). The digested solution was evaporated to dryness and 
then diluted to 25 ml in volumetric flasks with ultra pure water Romil-UpS (Romil Ltd., 
Cambridge, UK) for analysis. Some of these foods were digested using a microwave 
digestion unit at a maximum temperature of 170 °C (CEM, Microwave digestion MAR 
Xpress, Matthews, NC, USA). 
2.2.3.2 Betel quid analysis 
All chewing components including ordinary and sweet betel quids were digested by 
microwave assisted digestion in ultra pure 70% HNO3.  A known weight (0.2 – 0.4 g) of 
dried, ground sample was mixed with 4 ml of 70% nitric acid and 2 ml H2O2 and then 
digested for 40 minutes using a microwave digester at a total pressure of 20 bars and a 
maximum temperature of 125 °C (Anton Paar - Multiwave 3000 Microwave Sample 
Preparation System, Austria). The solution was evaporated and then made up to 25 ml in 





2.2.3.3 Urine analysis 
Aliquots (3 – 4 ml) of urine samples were digested with ultra pure 70% HNO3 (2 ml). The 
mixture was heated overnight at 90 °C and then evaporated to near dryness. Subsequently, 
2 ml of pure 70% HNO3 and 2 ml of 30% H2O2 were added to the sample and heated again 
for four hours. Finally the sample was evaporated to near dryness and then diluted with 
ultra pure water for analysis.  
2.2.3.4 Baked clay (Sikor) analysis 
Sikor samples were digested by microwave assisted digestion in aqua regia (1:3 of ultra 
pure 70% HNO3 and pure 37% HCl were used). A selected weight (0.1 g) of sample was 
mixed with 5ml of aqua regia overnight and then digested for three hours using a 
microwave digestion unit at a maximum temperature of 170 °C (CEM, Microwave 
digestion MAR Xpress, USA). The solution was made up to 100 ml in volumetric flasks 
with ultra pure water for analysis. 
2.2.4 Elemental determination 
2.2.4.1 Determination of arsenic concentrations in foods by GF-AAS 
The atomic absorption spectrometer (Varian model 220-Z) was used in conjunction with a 
graphite–furnace atomizer (GTA-110) equipped with Zeeman background correction.  
Arsenic was determined at the 193.7 nm wavelength, using a 1000±3 mg/L standard 
solution of arsenic (CPI, International, USA) diluted to 65 µg/L with 1% nitric acid. The 





facility on the autosampler. Palladium 1000 mg/L was used as the matrix modifier. The 
instrumental parameters used for the GF-AAS analysis are shown in Tables (2-3 and 2-3).   
 
 
Table 2-1: Temperature Programme for GF-AAS Analysis. 
 
Instrumental parameters  
Lamp type / current (mA) 
Wavelength (nm) 














































































2.2.4.2 Determination of arsenic concentrations in food and non-food by ICP-MS 
Concentrations of trace elements in the digested samples were determined by inductively 
coupled plasma mass spectrometer (ICP-MS) at Nottingham University. A Thermo-Fisher 
Scientific X-SeriesII instrument equipped with CCTED (collision cell technology with 
energy discrimination) Scandium (50 µg/L), Rhodium (10 µg/L) and Iridium (5 µg/L) in 
the preferred matrix of 2% HNO3 was used. The instrument parameters used are as follows: 
forward power (1,404 W), hexa-pole bias (-18.0 V), pole bias (-14.0 V), reaction cell gas 
flow rate (4 ml/min), nebuliser (Carrier gas) flow rate (0.82 L/min), extraction lens (-129.4 
V), quadru-pole dwell times (20 ms). External calibration standards for elements were 
prepared in the range 0.0-100 µg/L (ppb). Samples were introduced via a covered 
autosampler (Cetac ASX-520) through a concentric glass venture nebuliser (Thermo Fisher 
Scientific Inc., Waltham, MA, USA). The data  processing was undertaken using a 
Plasmalab software (version 2.5.4; Thermo-Fisher Scientific, UK) set to employ separate 
calibration blocks and internal cross-calibration where required. Some raw data of food 
samples using ICP-MS instrument were reported in this thesis (Appendix 1).  
2.2.5 Quality control and standard reference material 
In this study, all the sample masses were measured to an accuracy of ± 0.1 mg. Elemental 
concentrations obtained by ICP-MS technique were evaluated by the use of certified 
reference materials and were found to be in good agreement with the certified values of the 
references material. The analytical procedure and the reliability of the digestion process of 
samples were validated by analysing of different types of standard reference materials (see 





105% for all measurement runs excluding baked clay. Average recoveries of baked clay 
ranged between 75 to 101%. For urine analysis, standard references urine [Human urine 
CRM (NIES No.18) and Seronorm trace elements urine] were used and the recoveries were 
91 to 105% of certified values.  
 
Table 2-3: Certified reference materials used in this study. 
 
Certified Reference Material Foods and non-foods 
Rice flour (NIES No.10-b) Cereal and rice analysis 
Typical Japanese food (NIES No.27) Fish and all foods 
Tomato leaves (NIST 1573a) Vegetables, fruits, betel quid 
Sargasso seaweed (NIES No.9) For all foods and betel quid 
Tuna fish tissue (BCR-627) Arsenic species in fish 
Montana I soil (2710a) Total elements in baked clay 
Soil reference material (BCSS-1) Arsenic species in baked clay 
Human urine CRM (NIES No.18) Urine analysis 
















Table 2-4: As, Cd, Mn, Pb, Se, and Zn (µg/kg) content in standard references material. 
 
Reference material Element Certified value Found value 




























Montana I soil (2710a) 
































0.320 ± 0.02 
31.5 ± 1.6 
0.02 
22.3 ± 0.9 
 
115 ± 9 
0.15 ± 0.02 
21.2 ± 1.0 
1.35 ± 0.05 
0.05 
15.6 ± 1.2 
 
0.60 ± 0.04 
0.069 ± 0.009 
8.9 ± 0.2 
0.25 ± 0.02 
20.9 ± 0.9 
 
0.112 ± 0.004 
1.52 ± 0.04 
246 ± 8 
0.054 ± 0.003 
30.9 ± 0.7 
 
1540 ± 100 
12.3± 0.3 
2140± 60 
5520 ± 30 
1.0 
4180 ± 150 
0.103 
0.33 ± 0.04 
29.8 ± 2.8 
0.021 
24.4 ± 1.3 
 
105 ± 12 
0.16 ± 0.05 
23.4 ± 1.7 
1.45 ± 0.07 
0.06 
13.9 ± 1.6 
 
0.56 ± 0.05 
0.07 ± 0.01 
8.7 ± 0.6 
0.28 ± 0.07 
18.7 ± 1.2 
 
0.115 ± 0.007 
1.47 ± 0.08 
232 ± 12 
0.051 ± 0.005 
28.6 ± 0.6 
 
1430 ± 90 
11.3± 0.7 
1610 ± 70 
5580 ± 240 
1.5 





For quality control of arsenic speciation in different types of foods and non-foods 
the following were used; (i) for rice speciation, rice flour (NIES No.10-b) was used and 
extraction recovery was 100%. (ii) For fish speciation, Tuna tissue (BCR-627) was 
analysed and the extraction recovery was 99%.  
 
Also for baked clay speciation, soil reference material (BCSS-1), which has known 




 were spiked to the 
soil reference material (BCSS-1) before extraction and then extracted using the same 
method that was used for Sikor samples extraction. The spike recoveries were up to 100% 
for both arsenic species with linearity r
2
 = 1 (see Figures 2-16 and 2-17). The mean 
recovery of total arsenic extraction from the soil reference material (BCSS-1) was 75 ± 5%, 
whereas, the mean recovery of arsenic species was 76 ± 6%. Very low detection limits of < 
0.1 mg/kg were obtained for arsenic species.  
2.2.6 Limit of detection 
Detection limits for trace elements were evaluated by the analysis of ten replicate 
determinations of the reagent blank; blank samples were measured with the food samples 
for calibrating the instruments. The results of blanks for each digestion group were used to 
calculate the limit of detection (LOD) and the limit of quantification (LOQ) using the 
following equations:  
LOD = 3 x SD    and    LOQ = 10 x SD  





Table 2-6 shows the LOD and LOQ calculations of ten measurements of the blank 
(1% v/v HNO3, which was used for foods, betel quid and urine) (Thomsen et al., 2003). 
However, table 2-7 shows LOD and LOQ of aqua regia blank used for baked clay and 
lime. 
Table 2-5: Determination of LOD and LOQ for As, Cd, Mn, Pb, Se and Zn in 1% HNO3 
blank solution using ICP-MS. 
 
Blank sample As Cd Mn Pb Se Zn 
Mean (µg/L) 
SD 
LOD = 3 x SD 




























Table 2-6: Determination of LOD and LOQ for As, Cd, Mn, Pb, Se and Zn in aqua regia 
blank solution using ICP-MS. 
 
Blank sample As Cd Fe Mn Pb Zn 
Mean (mg/L) 
SD 
LOD = 3 x SD 






























2.2.7 Arsenic speciation section 
2.2.7.1 Arsenic speciation of rice, fish and betel quid 
A previously published method was used for the extraction of arsenic from rice and other 
food (Narukawa et al., 2008). Brifely, accurate weight (0.2 – 0.5 g) of the relevant sample 
was transferred to a Teflon tube. Subsequently 10 ml of pure water was added and the 
extraction process was carried out using a microwave digester. Samples were digested for 
30 minutes at 80 
o
C, and then 5 ml of pure water was added and filtered through a 0.45 µm 
filter. The arsenic in the extract was immediately determined using HPLC-ICP-MS and the 
method used is described below in section (2.2.7.3). Calibration curve of arsenic species 
including AsBet, As
III
, DMA, MMA and As
V
 (as shown in Figures 2-11 to 2-15). Also the 
standard addition method was used in this study by spiking arsenic standards to the samples 
(see Figures 2-16 to 2-17). Figure 2-18 shows the chromatogram of arsenic speciation in 












Figure 2.11: Calibration curve of As
III

























Figure 2.14: Calibration curve of As
V




Figure 2.15: Calibration curve of standard addition of As
III











Figure 2.16: Calibration curve of standard addition of As
V









Figure 2.17: Chromatograms of arsenic speciation in mixed standard solutions using 
HPLC-ICP-MS; ppb: µg/L. 
 
 
2.2.7.2 Arsenic speciation of baked clay 
A previously published method was used for the extraction of arsenic from baked clay 
(Sikor) (Button and watts, 2008). Briefly, 0.1 - 0.2 g of Sikor sample was weighed into a 30 
ml bottle. To this was added 10 ml of H3PO4 (1M)/ ascorbic acid (0.5M) mixture. This was 
then mixed for four hours using an orbital shaker at 200 rpm in order to extract the arsenic. 









(Gallardo et al. 2002). The solution extract 
was subsequently centrifuged for 15 minutes at 4000 rpm and the supernatant collected. As 
levels (total and As species) in all the extracted samples were analysed immediately using 
HPLC-ICP-MS instrument. Calibration curve of arsenic species including AsBet, As
III
, 
DMA, MMA and As
V
 were obtained. Furthermore, standard addition method was used in 
this study by spiking arsenic standards to the samples (see Figures 2-11 to 2-17).  
2.2.7.3 Determination of arsenic species in food and non-food samples 
Detailed elemental speciation analysis was only conducted for As. For this, the total content 
of As in a solution, extracted from rice, fish, betel quid and Sikor samples, were determined 
using an Agilent 7500 ICP-MS (Agilent Technologies, (UK) (see Figure 2-3). This 
instrument was fitted with micro flow concentric nebulizer and quartz Scott-type chamber. 
Helium (4 L/min was used for collision cell and tellurium (50 µg/L) was used as internal 
standard. Subsequently, the solution was subjected  to analysis using HPLC (GP50-2 pump, 
Dionex, USA) coupled to an ICP-MS instrument (Agilent Technologies, UK) in order to 
determine the As species (Figure 2-19). Details of HPLC conditions used are similar to that 
previously reported (Watts et al. 2008). Anion exchange column (Hamilton PRP-X100, 250 
x 4.1 mm, 10 µm) was used to separate the As species. Ammonium nitrate was used as 






Figure 2.18: HPLC (GP50-2 pump, Dionex, USA) coupled to ICP-MS (Agilent 7500 ICP-
MS, Agilent Technologies, UK). 
 
2.2.8 Estimation of risk assessments of trace elements 
In this study two different estimated parameters were used, the Provisional Maximum 
Tolerable Daily Intake (PMTDI) which estimates the maximum daily intake of a toxic 
element from individual food or more than one types of food and the unit that is used for 
this scale is mg of element per day (see Table 2-8). However, recently the United States 
Environmental Protection Agency (USEPA) has provided another scale for risk assessment, 
the Target Hazard Quotients (THQ). This is one of the important methods that can give a 





2000). It gives the ratio of exposure dose to the reference dose, which simply gives the 
meaning that a value of less than 1 is not of concern. In this study, THQs were estimated 
for different types of food, and for the first time the THQ for betel quid was estimated. 




Where THQ is the target hazard quotient; EFr is the exposure frequency (365 
days/year); EDtot is the exposure duration (years); IFR is the food ingestion rate (g/day); C 
is the concentration (µg/g); RfD is the oral reference dose (mg/kg.day); BWa is the adult 
body weight (kg); and ATn is the averaging time for non-carcinogens (days x years). The 
average adult body weight was assumed to be 68 kg for Bangladeshis (Smith et al., 2006). 
 
Table 2-7: PMTDIs of trace elements in foods defined by Joint FAO/WHO Expert 
Committee on Food Additives (JECFA) (FSA, 2009). 
 
Element PMTDI (µg/kg .bw. day) 


















Quantities of different foods consumed by the Bangladeshi population were taken 
from Zablotska et al. (2008). Bangladeshis consume on average 500 g of uncooked rice per 
day and this was used for calculating daily intakes of elements from rice consumption. The 
volume of water consumed by the Bangladeshi population has been reported to be 2.7 litres 
per day (Kile et al. 2007). For estimating intakes of elements from tea infusions, three cups 










3 BANGLADESHI RICE AS A SOURCE OF TOXIC AND 




Exposure to arsenic through drinking water in Bangladesh is well known, however, water is 
not the only source of arsenic, and foods also can be a key source of arsenic contamination. 
Rice is the staple food in south Asian countries, including Bangladesh and it is known to 
contain high levels of arsenic. No previous studies have focused on arsenic levels in rice 
from regions in Bangladesh that contains low groundwater arsenic levels. Sylhet region has 
lower arsenic levels in groundwater compared to other areas in Bangladesh. Therefore, in 
this chapter, 98 samples of different varieties of rice (including boro, aman, parboiled and 
aromatic) were analysed from this region. Levels of arsenic and other elements in 
Bangladeshi rice were determined. Sylheti rice showed lower arsenic levels compared to 
other regions in Bangladesh. Furthermore, aromatic rice from Sylhet has the lowest arsenic 
content (10.1 µg/kg) and the highest selenium content (341 µg/kg) compared to non-
aromatic rice. 
  
Arsenic specitaion of Sylhet rice was achieved for some samples, the mean inorganic 
arsenic species was approximately 70% of the total arsenic which is similar to previous 
studies for Bangladeshi rice from other regions. Aromatic rice also showed much lower 
As:Se ratio compared to non-aromatic rice which is important as it has been reported that 




Se levels in the Bangladeshi diet is low. In general aromatic rice contains lower levels of 
toxic elements (apart from Cd which is almost similar to non-aromatic rice) and higher 
levels of essential elements (especially Se & Zn) compared to non-aromatic rice. 
 
 For someone consuming 500 g of non-aromatic and aromatic rice from Sylhet, the 
daily intake of arsenic can be reduced by 48% and 69%, respectively compared to non-
aromatic rice from other parts of Bangladesh. In addition, the daily intake of the essential 
elements, selenium and zinc will be increased by 46% and 23%, respectively for someone 
consuming aromatic rice compared to non-aromatic rice from Sylhet. This is also important 
since recent studies reported selenium and zinc deficiency among Bangladeshis. The data 
presented in this chapter shows that rice grown in a relatively arsenic unaffected area of 
Bangladesh contains lower levels of arsenic. Furthermore, the study reveals that aromatic 
rice has lower arsenic and higher levels of essential elements compared to non-aromatic 
rice. These two findings can be used by policymakers to modify rice farming and 
consumption in Bangladesh.  
 





Rice is a staple food for a large number of people in the world. Rice is also becoming 
popular within Europe. In the UK, rice consumption is particularly popular due to the 
historical connection between India and Britain. There are many Asian takeaway shops 
which are distributed throughout many UK cities that sell rice based products. Rice 
continues to be the main staple for Asian people who live in the UK (Kassam-Khamis et 
al., 2000). Different types of rice are imported from Asian countries, the USA and from 
other European countries such as France, Spain, and Italy.  
 
 Bangladeshis in Bangladesh are exposed to high doses of arsenic and other harmful 
elements from different sources. Groundwater and rice are the main sources of arsenic 
exposure in Bangladesh. It is therefore necessary to monitor human exposure to arsenic and 
other toxic trace elements present in the food chain, and a number of studies have reported 
the total arsenic content of foodstuffs from different countries (Tsuda et al., 1995; Dabeka 
et al., 1993; Schoof et al., 1999; Alam et al., 2003; Roychowdhury et al., 2003; Al-Rmalli 
et al., 2005; FSA, 2009). Since rice is the main staple food for Bangladeshis, the 
determination of arsenic and other trace elements in rice is necessary for estimating the 
human health impact of rice consumption amongst Bangladeshis. 
 
 Food chain aspects of arsenic contamination in Bangladesh have recently received 
attention (Meharg and Mazibur, 2003). Some studies have reported arsenic content in rice 
grown in different areas of Bangladesh (Duxbury et al., 2003; Das et al., 2004; Williams et 




al., 2005; and Norton et al., 2009). Some of these studies have shown that arsenic 
contamination of Bangladeshi rice is very high (as much as 1700 µg/kg) (Meharg and 
Mazibur, 2003). The high levels of inorganic arsenic in Bangladeshi rice have been 
attributed to irrigation of rice crops using contaminated water. Groundwaters in Bangladesh 
contain high levels of arsenic and this arsenic is mainly in the inorganic form.   
 
 In a study conducted in West Bengal (India), an area known to have high levels of 
arsenic in the groundwater, high levels of arsenic in rice <0.04 – 605 µg/kg were reported 
(Roychowdhury et al., 2003). More recently, Meharg et al. (2009) determined total arsenic 
in 901 polished rice samples collected from Aberdeen city markets. These rice samples 
originated from 10 different countries. The data showed that the lowest arsenic content was 
in Egyptian rice (0.04 mg/kg) and the highest arsenic was in USA rice (0.25 mg/kg). 
Although, Bangladeshi rice contained 0.13 mg/kg of total arsenic, 61% of this was present 
as inorganic arsenic (Meharg et al., 2009).   
 
 Rice as the main staple food of the diet in Bangladesh, it is a key source of calories 
and nutrients intake for Bangladeshis. It contributes about 80% of dietary energy and is a 
source of many minerals, including selenium and zinc (Tetens et al., 2003). Many varieties 
of rice are consumed in Bangladesh such as aman (cultivated in waterlogged, lowland rice 
grown in the wet season during June to November); boro (cultivated in waterlogged, low-
lying or medium lands with irrigation during November to May); and aromatic rice (such as 
Biron rice), which are fine rice consumed in relation to cultural heritage of Bangladeshis 




during different festivals (Sarker, 2002). Also, both parboiled and non-parboiled rice are 
consumed in Bangladesh.  
 
 Ahmed et al. (2011) reported that aromatic rice contained low arsenic levels 
compared to other types of rice from different region of Bangladesh (Ahmed et al., 2011). 
It has been reported that non-aromatic rice (aman) gives a higher yield than aromatic rice 
(fine rice). The average yield of non-aromatic rice is 1,350 kg per acre while the average 
yield of aromatic rice is 800-920 kg per acre (Sarker, 2002). However, some farmers in 
Bangladesh prefer to grow aromatic rice to take advantage of higher revenue returns. 
Aromatic rice requires much less fertilizer, pesticides and irrigation compared to non-
aromatic rice; aromatic rice production costs are low compared to other rice (Sarker, 2002). 
 
 As mentioned in introduction chapter, selenium deficiency can lead to some diseases, 
a very low selenium intake from diet (lower than 10 μgSe/day) results in the development 
of a type of osteoarthritis called Kashin–Beck disease (Li et al., 2007). Selenium was 
reported to have a role in reducing arsenic toxicity, because the two elements act as 
metabolic antipodes (Hsueh et al., 2003). A recent study showed that Bangladeshi people 
may have selenium deficiency in their diet (Spallholz et al. 2008). Zinc is a trace 
micronutrient for humans, more than 200 enzymes require zinc for their activity and also it 
is necessary for a healthy immune system (Harper et al., 1990). Many studies mentioned Zn 
deficiency in soils and humans in Bangladesh. It has been reported that children and 
women in Bangladeshi villages have low serum zinc concentrations (Kongsbak et al., 2006; 




Li et al., 2008). Rice is the main source of zinc for rural Bangladeshis and recent studies 
have suggested increasing zinc levels in Bangladeshi rice to improve the zinc status 
amongst Bangladeshis (Arsenault et al., 2010, Mayer, 2010). Another study suggests that 
high levels of arsenic in soils decreases selenium and zinc levels in rice (Norton et al., 
2010). 
 
 The aim of the research reported in this chapter was to investigate total concentrations 
of arsenic and of other trace elements in Bangladeshi rice originating mainly from the 
north-eastern region of Bangladesh collectively called in this thesis as the Sylhet region 
(specifically samples from Sylhet, Moulvibazar and Habiganj were investigated). The study 
also included the analysis of a number of Bangladeshi aromatic rice. Previous studies have 
not focused on rice from the Sylhet region, which generally has lower levels of arsenic in 
the groundwater compared to other areas in Bangladesh (see Figure 3-1). Speciation of 
arsenic in selected groups of rice samples were conducted in order to determine the 
distribution of species in Sylheti rice and for comparison with data published in the 
literature for Bangladeshi rice.  





Figure 3.1: Arsenic levels in groundwater in different districts of Bangladesh. Source of 
diagram: British Geological Survey (BGS, 2011). 
 
 




3.2 Materials and Methods 
3.2.1 Sampling and sample preparation 
Bangladeshi rice samples (98 samples) from Bangladesh, originating mainly from the 
North-east region of Bangladesh (Sylhet, Moulvibazar and Habiganj) (see Figure 3-1). This 
region will be referred to collectively as Sylhet in this thesis. Some rice samples from 
Dhaka market during 2009 were also studied. Other rice samples were bought from ethnic 
shops in the UK, different types of rice such as long grain (polished and parboiled), 
aromatic and Basmati which are more consumed amongst Bangladeshi and Asian 
communities in the UK. Majority of the rice studied were polished rice, most of them were 
non-parboiled rice (Atap) although a few parboiled samples were also analysed. 
Furthermore, a few brown Basmati rice were also analysed. 
 
Rice samples were ground with a coffee grinder, and then kept in a clean place for 
digestion and elemental analysis. Duplicate sub-samples were taken from each sample 
studied. Rice flour (NISE SRM No.10) was used as a certified SRM. To investigate the 
moisture content of the rice, 5 g of rice samples (n = 25) chosen to reflect all rice samples, 
were dried in an oven (Gallenkamp, Hotbox oven) overnight at 80 °C. The average water 
content of the rice samples was 9.8 ± 0.3%, which agreed well with previous studies 
(Williams et al. 2005). 
 




For measuring the total concentrations of arsenic and other elements, all rice 
samples were digested using microwave assisted digestion in ultra pure 70% nitric acid 
(HNO3) and 30% hydrogen peroxide (H2O2) (see Chapter 2 section 2.2.3.1.).  
 
To speciate arsenic in rice, selected samples of Bangladeshi rice were extracted 
using microwave digestion and were then analysed using a HPLC-ICP-MS instrument. 
These samples (0.5 g) were weighed into digestion tubes for subsequent speciation analysis 
(see Chapter 2 section 2.2.7.1.).  
 
3.2.2 Element measurement 
Concentrations of As, Cd, Mn, Pb, Se and Zn in the digested samples were determined by 
inductively coupled plasma mass spectrometry (ICP-MS) (see chapter 2, section 2.2.4.) 
3.2.2.1 Arsenic speciation 
HPLC-ICP-MS was used to analyse arsenic species in selected Bangladeshi rice samples. A 
PRP-X100, 10 µm anion-exchange column (150 х 4.1 mm) from Hamilton was used for the 
speciation of the arsenic species. Retention time for the arsenic species was determined 











chapter 2, section 2.2.7.1.) 
 
3.2.3 Quality Control and standard reference material 
See Table 2-5 and section (2.2.5.) in methodology chapter. 





Different varieties of Bangladeshi rice from Sylhet region (n=90), and Dhaka market (n=8) 
were investigated. Furthermore, Basmati rice samples (n=8), originating from either India 
or Pakistan, were also analysed. Arsenic and other trace elements in these samples were 
detected. 
3.3.1 Totals of arsenic and of other elements in Bangladeshi rice 
For rice from the Sylhet region (Table 3-1), the mean concentrations of arsenic (± SD) of 
boro variety was 71.7 ± 33 µg/kg and for aman variety was 85.7 ± 44 µg/kg. The mean 
concentration of arsenic in parboiled rice was found to be 78.8 ± 22 µg/kg, with a range of 
37.8 – 119.2 µg/kg. This is lower than that for rice samples collected from Dhaka market 
(mean 121.9 ± 58 µg/kg; range 55.4 – 182.7 µg/kg). Interestingly, aromatic rice showed the 
lowest mean arsenic concentration among all varieties of rice studied. Mean arsenic 
concentration in aromatic rice from Sylhet region was 48.5 ± 43 µg/kg with a range of 10.1 
– 125 µg/kg. Relatively low arsenic levels for aromatic rice (Table 3-2) were associated 
with Mou Biron T amon (10.1 µg/kg), Changri Aush (12.8 µg/kg), Kalapur bhuna aman 
(12.8 µg/kg), Kalijira T amon (13.2 µg/kg) and Rata Boro (13.8 µg/kg). The Biron variety 
of aromatic rice, which is widely consumed in Sylhet region, contained average arsenic 
levels of 53.3 of µgAs/kg with a range of 25 – 125 µg/kg (Table 3-2). Figure 3-2 shows 
total arsenic (mean µg/kg) from different studies of Bangladeshi rice. Sylheti rice (in this 
thesis) contained lower arsenic levels compared with other studies.  
 




Table 3-1: Total arsenic (µg/kg) from different studies of Bangladeshi rice. 
 
Region Type of rice As levels (µg/kg) Reference 
  Mean±SD Range  
VARIOUS AMAN 125 72 - 170 Duxbury et al. 2003 
VARIOUS BORO 183 108 - 331 Duxbury et al. 2003 
GAZIPOR 11 CULTIVARS 92 43 - 209 Meharg and Rahman 2003 
BOGRA 4 CULTIVARS - 158 - 194 Meharg and Rahman 2003 
DINAJPUR BR11 203 - Meharg and Rahman 2003 
MYMENSINGH BR8 78 - Meharg and Rahman 2003 
DHAKA MARKET AMAN 130 30 – 300 Williams et al., 2005 
DHAKA MARKET AMAN - 180 – 310 Williams et al 2006 
DHAKA MARKET BORO - 210 - 270 Williams et al., 2006 
FARIDPUR BRRI - 160 - 740 Norton et al., 2009 
SONARGAON BRRI - 70 - 280 Norton et al., 2009 
8 DIFFERENT AREAS 18 CULTIVARS 154 
a
127 – 215 Ahmed et al., 2011 
9 DIFFERENT AREAS 20 CULTIVARS 288 
a
217 – 338 Ahmed et al., 2011 
ALL OTHERS RICE  156.6  30 - 740 All previous studies 
8 DIFFRENET AREAS AROMATIC 140 
a
127 – 146 Ahmed et al., 2011 
DHAKA MARKET DIFFERENT 121.9 55.4 – 182.7 This study 
SYLHET BORO (non-aromatic) 71.7 27.1 – 148.1 This study 
SYLHET AMAN (non-aromatic) 85.7 32.6 - 161 This study 
SYLHET PARBOILED (non-aromatic) 78.8 37.8 – 119.2 This study 
SYLHET 
b
OTHER RICE  69.7 33.5 – 171.4 This study 
ALL SYLHET RICE  81 27.1 – 171.4 This study 
SYLHET AROMATIC 48.5 10.1 – 125 This study 
a 
Geometric means of different areas were used for the range.  
b 
Different unknown varieties of  rice collected from Sylhet region. 






Figure 3.2: Total arsenic (µg/kg) from different studies of Bangladeshi rice, the error bars 
represent standard deviations. *Analysis of Bangladeshi rice samples taken from the 
literatures but not from Sylhet. **Rice samples analysed in this thesis. 
 
Tables 3-2, 3-3, 3-4 showed As, Cd, Pb, Mn, Se and Zn concentrations in 
Bangladeshi rice. For Sylheti rice, the mean concentrations of As, Se, Cd and Pb were 72.6, 
43.1, 37.2, 18.1 µg/kg respectively. The levels of Mn and Zn were 15.9 and 10.5 mg/kg 
respectively. However, for rice collected from Dhaka market, the mean concentrations of 
As, Se, Cd and Pb were 99.1, 43.6, 36.4, 14.6 µg/kg respectively and of Mn and Zn were 
6.7 and 7.8 mg/kg respectively. As mentioned earlier, the mean concentration of arsenic in 
rice from Sylhet region was lower than that from Dhaka market. Rice samples from Dhaka 
market are likely to have been grown in other regions of Bangladesh. Selenium and 
cadmium content are similar whilst lead, manganese and zinc levels for rice from Sylhet 
region were higher (Tables 3-2, 3-3, 3-4). Individual comparison between Sylheti rice 




varieties reveals that the highest arsenic level was present in vadro month BRI-28 rice 
(171.4 µg/kg) followed by atap T aman rice (160.8 µg/kg). As a group, the highest mean 
arsenic concentration was seen in aman rice (non-aromatic). It is noteworthy that the lowest 
arsenic level (10.1 µg/kg) (Mou T Biron aman) and the highest selenium level (314.1 
µg/kg) were detected in aromatic rice (Tepi boro rice).  
 
The highest Cd and Pb levels were detected in boro rice (non-aromatic) (184.7 and 
109.5 µg/kg, respectively). The mean concentrations of Cd and Pb in the five groups of rice 
from Sylhet are as follows: boro (non-aromatic) (42.2 and 22.1 µg/kg), aman (non-
aromatic) (22.4 and 16.0 µg/kg), parboiled (non-aromatic) (29.4 and 33.2 µg/kg) and 
aromatic (41.7 and 16.9 µg/kg), Basmati (17.8 and 19.5 µg/kg) respectively (Table 3-3).  
 
The highest Mn concentration was detected in Zarnia (32.2 mg/kg). The mean 
concentrations of Mn and Zn for rice samples from Sylhet are as follows: boro (non-
aromatic) (11.3 and 10.2 mg/kg), aman (non-aromatic) (12.1 and 11.4 mg/kg), parboiled 
(non-aromatic) (12.1 and 9.1 mg/kg) and Biron (aromatic) (14.9 and 13.3 mgkg) for Mn 
and Zn, respectively. In contrast, parboiled rice from Dhaka market including lota, guti, 
minikat and shonia types contained low levels of Mn and Zn compared to atap rice from the 
same market (Table 3-4). These levels were also lower than rice from Sylhet region. 
Interestingly, minikat rice from Dhaka market contained high levels of As and Pb (182.7 
and 24.2 µg/kg, respectively) and low levels of Se, Mn and Zn (22.1 µg/kg, 2.1 and 5.0 
mg/day, respectively). Basmati rice from India and Pakistan contained high levels of Se, 




Mn and Zn (mean 87.9 µg/kg, 8.7 and 9.5 mg/day, respectively), and low levels of As, Cd 
and Pb (mean 65.4, 17.8 and 19.5 µg/kg, respectively). 




Table 3-2: Concentration of As and Se in different types of Bangladeshi rice (µg/kg) 
 
  As Se 
Region 
 


































Biron (aromatic variety) 
 
Shail, Shoino moshuri Alo 
Baisher month Atashakh Ala 
Ala shail 











Aromatic  boro  
Tepi boro  
Gorsi sail boro  
Khoya boro  
Damandor mukh boro  
Baingon bichi boro  
Rata boro  
Changri Aush  
Tulsi mala  
Murali aush  
Shona brion  
Fragrant rice Srimongol 















































































































































































































































Table 3.2 continued. 
 
 As Se 
Region 
 











All aromatic rice  





















All Basmati rice 
Gondi Biron T  aman  
Puti Biron T amon  
Mou Biron T amon 
Chinigura T amon  
Mala T aman  
Joria amon  
Kalijira T amon  
Kalapur  bhuna amon  
Goar chora T amon  
Katari bhog T amon  
from Sylhet 















Basmati brown (India) 


















































































































































































































































Table 3-3: Concentration of Cd and Pb in different types of Bangladeshi rice (µg/kg) 
 
 Cd Pb  
Region 
 
































Biron (Aromatic variety) 
 
Shail, Shoino moshuri Alo 
Baisher month Atashakh Ala 
Ala shail 











Basmati Boro  
Tepi boro  
Gorsi sail boro  
Khoya boro  
Damandor mukh boro  
Baingon bichi boro  
Rata Boro  
Changri Aush  
Tulsi mala 
Shona brion 
Murali aush  
Fragrant rice Srimongol 













































































































































































































































Table 3.3 continued. 
 
 Cd Pb 
Region 
 











All aromatic rice 





















All Basmati rice 
Gondi Biron T  Aman  
Puti Biron T amon  
Mou Biron T amon 
Chinigura T amon  
Mala T aman  
Joria amon  
Kalijira T amon  
Kalapur bhuna amon  
Goar chora T amon  
Katari bhog T amon  
from Sylhet 















Basmati brown (India) 

























































































































































































































































Table 3-4: Concentration of Mn and Zn in different types of Bangladeshi rice (mg/kg) 
 
 Mn Zn 
Region 
 


































Biron (Aromatic variety) 
 
Shail, Shoino moshuri Alo 
Baisher month Atashakh Ala 
Ala shail 











Basmati Boro  
Tepi boro  
Gorsi sail boro  
Khoya boro  
Damandor mukh boro  
Baingon bichi boro  
Rata Boro  
Changri Aush  
Tulsi mala 
Shona brion  
Murali aush  
Fragrant rice Srimongol 












































































































































































































































Table 3.4 continued. 
 
 Mn Zn 
Region 
 











All aromatic rice 





















All Basmati rice 
Gondi Biron T  Aman  
Puti Biron T amon  
Mou Biron T amon 
Chinigura T amon  
Mala T aman  
Joria amon  
Kalijira T amon  
Kalapur bhuna amon  
Goar chora T amon  
Katari bhog T amon  
from Sylhet 















Basmati brown (India) 


















































































































































































































































3.3.2 As speciation of selected Bangladeshi rice 
Arsenic speciation of selected Bangladeshi rice samples (which were measured for total 
arsenic in this study) was determined. These samples were chosen from different types of 
rice including atap (non-parboiled), parboiled and aromatic rice. Figure 3-3 showed that the 
chromatogram of the blank solution that was used for arsenic speciation of Bangladeshi 
rice. Figure 3-4 showed a typical chromatogram of Sylheti rice. The main arsenic species 
seen were As
III
, DMA and As
V
. Table 3-5 and Figure 3-5 showed the arsenic species 
concentrations in Bangladeshi rice from Sylhet region. High percentages of inorganic 
arsenic were detected in rice from this region, which ranged from 77.5 to 100%. Generally, 
atap rice showed lower extraction percentage compared with parboiled rice. Alo rice (atap 
and sticky rice) has the lowest arsenic extraction (41%), followed by Biron rice 46% (Table 
3-5 and Figure 3-5. A variety of rice (Alo) also contained lowest DMA levels amongst the 




 in some of the rice samples 
such as Katari, Vadro month (BRI 28) were around 50:50. However, in other rice samples 
As
III





 ranging between 96:04 and 66:34. The extraction efficiency of arsenic 
from aromatic rice was lower compared with parboiled rice. The main species detected in 
aromatic rice was mainly As
III 
and MMA was not detected, except for one rice sample (red 
Biron). The latter rice contained a small quantity of MMA (0.9 µg/kg) (Table 3-5). Average 
inorganic arsenic in all Sylhet rice (non-aromatic and aromatic) was 69.7%. Atap long grain 
rice from USA, which is very popular amongst Bangladeshis residing in the UK, and the 
corresponding parboiled variety were investigated in this study for comparison with 




Bangladeshi rice. The USA long grain rice showed that 33% and 56% of the arsenic species 













Figure 3.3: Chromatogram of the blank solution (mixture of ammonium phosphate and 






Figure 3.4: Chromatogram of arsenic speciation of Sylheti rice using HPLC-ICP-MS. 
 
 




Table 3-5: Concentrations and percentages of total As and As species in Bangladeshi rice and contribution of i-As to PMTDI 
assuming a body weight of 60 kg and a rice consumption rate of 0.5 kg per day. 
Rice type Total µg 
As/kg dry 
wt. 






























Atap T aman 
Lucky aman 
Katari 
Vadro month 28 
Atap rice (Unknown) 
Mala T amon (Aromatic) 
Tulsi mala (Aromatic) 
Murali aush (Aromatic) 
Srimangal Biron (Aromatic) 






















































































































nd: not detectable; d. wt.: dry weight; PMTDI: the provisional maximum tolerable daily intake 







Table 3-5 continued. 
nd: not detectable; d. wt.: dry weight; PMTDI: the provisional maximum tolerable daily intake 





























Agrain month (Shail) 
Alo shoino moshuri (Shail) 
Alo baisher month  
Parboiled rice (Shail) 
Parboiled rice (Sylhet) 
Parboiled rice (Shail) 
Parboiled rice (Kachua) 
Aman shirmoin shiddo 
Amon red Biron (Aromatic) 
Average of all rice 
Atap long grain (USA) 


















































































































Figure 3.5: Distribution of arsenic species in Bangladeshi rice (Sylhet region). For 










Inorganic arsenic as a contribution of PMTDI was calculated for Bangladeshi rice 
(see Table 3-5). The mean PMTDI of Bangladeshi rice (grown in Sylhet region) was 28.1 ± 
11% with a range of 10 – 49.7%.  
 
Figure 3-6 showed that there is a significant correlation between arsenic and the 
sum of total arsenic in Bangladeshi rice. Inorganic arsenic showed a strong correction (R
2
 = 
0.990) with sum of total arsenic in rice.  In contrast, lower correlation was found for DMA 
(R
2




Figure 3.6: Correlation between arsenic species in Bangladeshi rice as a function of sum of 
species. 
 




3.3.3 Ratios of toxic: essential trace elements in Bangladeshi rice 
Ratios of trace elements (toxic:essential) for all Bangladeshi rice and the Basamati rice 
were presented in Figures 3-7, to 3-18. Data from Figures 3-7 to 3-18 are summarised in 
Table 3-6. Figure 3-7 and Table 3-6 showed As:Se ratio of 98 different types of 
Bangladeshi rice. Generally, aromatic rice has low As:Se ratios (Bangladeshi aromatic 
median: 0.84 and basamati aromatic median: 0.82) compared with non-aromatic rice (boro 
median; 1.87, aman median: 2.10 and parboiled median: 2.14). Figure 3-8 and Table 3-6 
show As:Zn ratio of 98 different types of Bangladeshi rice. The As:Zn ratios for the 
Bangladeshi aromatic was 0.003 (median), for Basamati aromatic it was 0.006, for non-
aromatic rice 0.006, 0.005 and  0.012 (boro, aman and parboiled, respectively). Figure 3-11 
and Table 3-6 showed Pb:Se ratio of 98 different types of Bangladeshi rice. Generally, 
aromatic rice has low Pb:Se ratios (Bangladeshi aromatic median: 0.26 and basamati 
aromatic median: 0.23) compared with non-aromatic rice (boro median; 0.46,  aman 
median: 0.59 and parboiled median:  0.45).   
 




Figure 3.7: As:Se ratio of 98 samples of Bangladeshi rice, blue columns represent non-
aromatic rice, red columns represent aromatic rice. (A) high scale of figure ranged from 0.0 
to 12.0, (B) low scale of figure ranged from 0.0 to 1.6. 
 




Figure 3.8: As:Zn ratio of 98 samples of Bangladeshi rice, blue columns represent non-
aromatic rice, red columns represent aromatic rice. (A) high scale of figure ranged from 0.0 










Figure 3.9: Cd:Se ratio of 98 samples of Bangladeshi rice, blue columns represent non-
aromatic rice, red columns represent aromatic rice. (A) high scale of figure ranged from 0.0 









Figure 3.10: Cd:Zn ratio of 98 samples of Bangladeshi rice, blue columns represent non-
aromatic rice, red columns represent aromatic rice. (A) high scale of figure ranged from 0.0 
to 0.05, (B) low scale of figure ranged from 0.0 to 0.0035. 
 
 





Figure 3.11: Pb:Se ratio of 98 samples of Bangladeshi rice, blue columns represent non-
aromatic rice, red columns represent aromatic rice. (A) high scale of figure ranged from 0.0 









Figure 3.12: Pb:Zn ratio of 98 samples of Bangladeshi rice, blue columns represent non-
aromatic rice, red columns represent aromatic rice. (A) high scale of figure ranged from 0.0 








Figure 3.13: Mn:Se ratio of 98 samples of Bangladeshi rice, blue columns represent non-
aromatic rice, red columns represent aromatic rice. (A) high scale of figure ranged from 0.0 
to 2500, (B) low scale of figure ranged from 0.0 to 300. 
 
 




Figure 3.14: Mn:Zn ratio of 98 samples of Bangladeshi rice, blue columns represent non-
aromatic rice, red columns represent aromatic rice. (A) high scale of figure ranged from 0.0 











Figure 3.15: As:Se and As:Zn ratio of aromatic rice (Basmati) grown in Pakistan and India 










Figure 3.16: Cd:Se and Cd:Zn ratio of aromatic rice (Basmati) grown in Pakistan and India 










Figure 3.17: Pb:Se and Pb:Zn ratio of aromatic rice (Basmati) grown in Pakistan and India 









Figure 3.18: Mn:Se and Mn:Zn ratio of aromatic rice (Basmati) grown in Pakistan and 








Table 3-6: Summary of the ratio of toxic:essential data that were presented in figures 3-5 to 
3-16 for all rice groups including Sylheti rice and Basmati ( Indian/Pakistan). 
 







mean ± SD 
median 
 
1.33 ± 1.92 
0.84 
 
0.81 ± 0.27 
0.82 
 
2.31 ± 1.59 
1.87 
 
3.4 ± 3.4 
2.09 
 
2.44 ± 1.93 
2.14 
As:Zn 
mean ± SD 
median 
 
0.004 ± 0.002 
0.003 
 
0.007 ± 0.004 
0.006 
 
0.008 ± 0.008 
0.006 
 
0.006 ± 0.004 
0.005 
 
0.015 ± 0.009 
0.012 
Cd:Se 
mean ± SD 
median 
 
0.81 ± 0.68 
0.66 
 
0.25 ± 0.16 
0.27 
 
1.47 ± 1.98 
0.99 
 
0.82 ± 0.10 
0.62 
 
0.67 ± 0.46 
0.49 
Cd:Zn 
mean ± SD 
median 
 
0.003 ± 0.002 
0.003 
 
0.005 ± 0.009 
0.004 
 
0.005 ± 0.009 
0.004 
 
0.002 ± 0.002 
0.001 
 
0.004 ± 0.002 
0.004 
Pb:Se 
mean ± SD 
median 
 
0.36 ± 0.42 
0.26 
 
0.25 ± 0.14 
0.23 
 
0.65 ± 0.49 
0.46 
 
0.84 ± 1.03 
0.59 
 
1.00 ± 01.38 
0.45 
Pb:Zn 
mean ± SD 
median 
 
0.001 ± 0.001 
0.001 
 
0.002 ± 0.001 
0.002 
 
0.002 ± 0.002 
0.002 
 
0.001 ± 0.001 
0.001 
 
0.011 ± 0.028 
0.004 
Mn:Se 
mean ± SD 
median 
 
328 ± 215 
311 
 
112 ± 58 
106 
 
468 ± 333 
373 
 
562 ± 548 
441 
 
245 ± 264 
113 
Mn:Zn 
mean ± SD 
median 
 
1.07 ± 0.41 
1.18 
 
0.89 ± 0.26 
0.82 
 
1.32 ± 0.55 
1.11 
 
01.06 ± 0.25 
1.07 
 
1.09 ± 0.48 
1.04 
SD: Standard deviation  
 
 




3.3.4 Correlations of arsenic and other elements in Bangladeshi rice 
Correlations of arsenic in Bangladeshi rice, grown in Sylhet region, with other elements in 
different types of rice were investigated. SPSS software was used for the analysis of the 
rice data. Paired elements correlation was used. Arsenic showed significant correlation 
(negative correlation) with Cd for all types of rice except parboiled rice for which there was 
no correlation (see Appendix 2 section 9.2). The As/Cd correlations (r value) were -0.455 
(p = 0.017), -0.322 (p = 0.050) and -0.466 (p = 0.006) for boro, aman and aromatic, 
respectively. Interestingly, selenium has significant correlations with all the elements 
except Pb (in aromatic rice), Se/As (r = - 0.349, p = 0.046), Se/Cd (r = 0.551, p = 0.001), 
Se/Mn (r = 0.491, p = 0.004) and Se/Zn (r = 0.552, p = 0.001). A strong positive correlation 
was detected for Mn/Zn in parboiled and boro rice (r = 0.704 and 0.599, p = 0.034 and 
0.001, respectively). In parboiled rice, corrections were found for Se with both Cd and Pb, 
also strong correlation was found for Cd versus Pb in the same variety. Negative correlation 
of As to Mn and Zn were also evident for parboiled rice, whereas, no correlations for other 
rice varieties were detected (see Appendix 2 section 9.2).   
3.3.5 Daily intakes of arsenic and other elements 
Table 3-7 showed the daily intakes of arsenic and other elements (Cd, Pb, Mn,Se and Zn). 
Generally, consumption of aromatic rice can result in low daily intakes of arsenic and high 
daily intakes of Se and Zn compared to consumption of non-aromatic rice (including boro 
and anam varieties). Bangladeshi aromatic rice has the lowest arsenic intake (24.2 µg/day) 
for someone consuming 0.5 kg of rice, however, high Se (39.6 µg/day) and Zn (6.6 




mg/day) intake. Consumption of Basmati rice also results in low daily intake of arsenic 
(32.7 µg/day) and the highest daily intake of Se (43.9 µg/day) and Zn (6 mg/kg). 
 
Figure 3-19 showed the daily intakes of arsenic (means of total arsenic were used) 
from consumption of different quantities of rice (boro, aman, aromatic and Basmati rice). 
Clearly, aromatic rice can result in the lowest daily intake of arsenic compared to other 
types of Bangladeshi rice followed by Basmati rice (an aromatic rice from Indian/Pakistan). 
Daily intake of arsenic from consumption of aromatic rice was 32 and 43% lower than non-
aromatic rice (boro and aman varieties, respectively) (from other studies on Bangladeshi 
rice), respectively. Figures 3-20 and 3-21 showed daily intake of selenium and zinc for 
aromatic and non-aromatic rice grown in Sylhet (from the current study). 
 















Boro  35.8 23.1 5.1 21.1 11.1 5.7 
Aman 42.9 20.2 5.7 11.2 8.1 6.1 
Parboiled 39.4 26.7 4.6 14.7 16.6 6.1 
Aromatic 24.2 39.6 6.6 12.6 8.3 7.5 
Basmati 32.7 43.9 6.0 8.9 9.7 4.4 
*
total mean concentrations were used to calculate daily intake (assuming 100% of the total arsenic is present 
as inorganic arsenic. 
 






Figure 3.19: Daily intakes of total arsenic (µg /day) from consumption of different types 













Figure 3.20: Daily intakes of total selenium (µg /day) from consumption of different types 







Figure 3.21: Daily intakes of total zinc (µg /day) from consumption of different types and 
quantities of rice. 





Rice is a staple food for Bangladeshis and it can be the main source of micronutrients in 
rural Bangladesh. This chapter focused on total concentrations of arsenic and other trace 
elements in Bangladeshi rice originating mainly from the north-eastern region of 
Bangladesh (Sylhet, Moulvibazar and Habiganj). Previous studies have not focused on rice 
from this region of Bangladesh. This region generally has lower arsenic levels in 
groundwater compared to other areas in Bangladesh (see Figure 3-1). Furthermore, for the 
first time arsenic levels in a large number of aromatic rice from Bangladesh was 
investigated. For comparison, an aromatic variety of rice (Basmati variety) that originated 
from India/Pakistan was analysed. This was done in order to see if aromatic rice is different 
from non-aromatic rice, in terms of arsenic content, irrespective of the region where they 
are grown. This aspect was further addressed by comparison with data from previous 
studies on few aromatic rice samples from other regions of Bangladesh that has higher 
groundwater arsenic levels than Sylhet. 
 
 Speciation of arsenic on selected groups of rice samples from Bangladesh was also 
conducted to evaluate the distribution of arsenic species in rice from Sylhet and especially 
aromatic rice.   
3.4.1 Total concentration of arsenic in Bangladeshi rice 
No previous study has focused on the analysis of rice from Sylhet region of Bangladesh 
although one or two samples from this region were analysed by others (Williams et al., 
2007). Table 3-1 provided a comparison of the total arsenic concentrations in Bangladeshi 




rice from previous studies (from contaminated and non-contaminated regions) and the 
current study. Aman (grown during the wet season), boro (grown during the dry season), 
atap (dry dehusking process), parboiled (wet dehusking process) and aromatic (nut-like 
aroma and taste) and non-aromatic rice cultivars from Sylhet region were investigated (in 
this thesis). Total arsenic concentrations in rice analysed by all the previous studies (mean 
± SD) was 135 ± 49 µg/kg. In contrast, all rice from the Sylhet region in Bangladesh (in the 
current study) was 81 ± 40 µg/kg, which was 40% less than the total arsenic in previous 
studies. Meharg and Rahman (2003) reported the lowest arsenic content of Bangladeshi rice 
(non-aromatic) to be 43 µg/kg, whereas Williams et al. (2005) (market samples) reported 
that the lowest arsenic in Bangladeshi rice was 30 µg/kg. Compared to these two published 
studies, the lowest arsenic content in (non-aromatic) rice from Sylhet region (27.1 µg/kg) 
was about 37% less than the Meharg and Rahman (2003) study and 10% less than that 
reported by Williams et al. (2005). Thus the data presented in this thesis has identified non-
aromatic rice from Sylhet region with the lowest arsenic levels in Bangladeshi rice thus far 
reported in the scientific literature. 
  
 Total arsenic in aman rice was measured by Duxbury et al. (2003) (from various 
regions in Bangladesh) and Williams et al. (2005) (from Bangladeshi market). The mean 
concentrations (and range) of arsenic in this type of rice were 125 (30 to 300 µg/kg) and 
130 (30 to 300 µg/kg) for Duxbury et al. (2003) and Williams et al. (2005), respectively. 
The arsenic level in aman rice from the Sylhet region (mean 85.7 µg/kg, with a range of 
32.6 to 161 µg/kg) was 31% and 34% lower than that reported by Duxbury et al. (2003) 




and Williams et al. (2005), respectively (Table 3-1). From this it is clear that rice from the 
Sylhet region has lower arsenic levels compared to other parts of Bangladesh thus far 
investigated.  
 
 Aman rice in Bangladesh has been studied previously by different groups (Duxbury 
et al., 2003; Williams et al., 2006). The mean concentration of arsenic in aman rice was 
125 µg/kg with range 72 - 170 µg/kg (Duxbury et al 2003), and the range of arsenic levels 
in Williams et al. (2006) study was 180 – 310 µg/kg for aman rice (Table 3-1). Aman rice 
grown in the Sylhet region (specifically studied here) showed lower mean arsenic levels 
(85.7 µg/kg) with a range of 32.6 – 160.8 µg/kg. The mean arsenic concentration in aman 
rice from Sylhet was thus 26.7% lower than that reported by Duxbury et al. (2003). In 
general, lower arsenic content has seen for aman rice than in boro rice (Duxbury et al., 
2003). However, it has also reported that aman rice from arsenic affected areas have higher 
arsenic content than aman and boro rice from low arsenic affected areas (Williams et al., 
2006, Roberts et al., 2011). As mentioned above, it is possible that the soil characteristics 
and farming practice - including the use of fertilizers - in this region may be different to 
other parts of Bangladesh which may explain the lower arsenic level in boro rice from 
Sylhet.  
 
Boro rice in Bangladesh has been studied previously and high levels of arsenic in 
this type of rice were detected by Duxbury et al. (2003) and William et al. (2006). The 
mean concentration of arsenic in boro rice was 183 µg/kg with a range of 108 - 331 µg/kg 




(Duxbury et al 2003), and the range of arsenic levels in Williams et al. (2006) study was 
210 – 270 µg/kg. In contrast, boro rice grown in the Sylhet region (specifically studied 
here) showed lower mean arsenic levels (71.7 µg/kg) than boro rice from other regions of 
Bangladesh, with a range of 27.1 – 148.1 µg/kg. The mean arsenic concentration in boro 
rice from Sylhet is thus 61% lower than that reported by Duxbury et al. (2003). The current 
study also showed that the lowest arsenic concentration, for non-aromatic rice, was detected 
in this variety (27.1 µg/kg). All of these comparisons lead to the conclusion that the Sylhet 
region might be a less arsenic contaminated area in Bangladesh compared to other areas. It 
is important to mention that the arsenic levels in groundwater from Sylhet region have been 
reported to be about 20 µg/L (see Figure 3-1). However, other factors may also play a role 
for the lower arsenic levels in rice from Sylhet, including soil properties, type of fertiliser 
used etc.   
 
There are no systematic studies in the literature that have compared arsenic levels in 
aromatic and non-aromatic rice. Data presented in this thesis is the first study to address 
this.  Results obtained showed that, in general, the total arsenic level in Bangladeshi 
aromatic rice was around 40% lower compared to non-aromatic rice. One aromatic variety 
showed the lowest level of arsenic (10.1 µg/kg), which was the lowest level reported for 
any Bangladeshi rice thus far reported in the literature. Previous studies with aromatic rice, 
from Bangladesh and elsewhere, is very limited (only a few samples analysed) and these 
have reported low total arsenic levels. Thus for example, Williams et al (2005) measured 
arsenic content in Chinigura variety (aromatic rice) from Dhaka market, this variety had the 




lowest arsenic level (30 µg/kg) compared to other rice analysed by the authors. Williams et 
al. (2005) also measured one variety of aromatic rice from Sylhet area (Zamir variety) and 
the arsenic content was found to be high (170 µg/kg). Recently, Ahmed et al. (2011) 
reported that aromatic rice contained low arsenic levels compared to other types of rice 
from different region of Bangladesh (Ahmed et al., 2011). The important finding of the 
current study was that aromatic rice, from Sylhet, contained lower levels of arsenic than 
any previous studies of Bangladeshi rice thus far reported in the literature. The notion that 
aromatic rice have lower arsenic levels, irrespective of the region where they are grown, is 
supported by data presented in this thesis as it was found that Basmati rice samples (from 
India and Pakistan) have low arsenic levels that are combatable to levels seen in 
Bangladeshi aromatic rice. It has been suggested (Ahmed et al. 2011) that the genetic 
makeup of aromatic rice may be an important factor that results in less arsenic being 
accumulated in their grains compared to non-aromatic rice. Another reason that may 
explain the lower arsenic levels in aromatic rice is that they are normally grown during the 
wet season (aman season) and therefore do not require irrigation using groundwater. 
Furthermore, the cultivation of aromatic rice does not require the use of much fertilizer 
(Sarker, 2002).      
 
Besides low arsenic levels, the other important benefit of aromatic rice identified in 
this study is that they also contain high levels of essential elements such as Se and Zn (see 
discussion below). The only drawback of aromatic rice is that their yield is lower (800-920 
tons per hectare) compared to non-aromatic rice (1,350 tons per hectare) (Sarker, 2002). 




Generally, it has been reported that the most of high quality rice cultivars are low yielding 
(Shakeel et al., 2005).  
 
Bangladeshis consume both atap and parboiled rice. Parboiling of rice involves 
soaking the rice in water, followed by lightly boiling the water. The rice is then dried and 
mechanically dehusked (Signes et al., 2008b). It was reported that parboiled rice absorbs 
some arsenic from water and the husk during the parboiling process (Signes et al., 2008b). 
In the current study, arsenic content of parboiled rice from the Sylhet region was analysed 
(mean 78.8 µg/kg). This level is also low, compared to other studies, confirming the 
general finding of this study, which shows low arsenic level in rice from Sylhet. The entry 
of arsenic into rice, during the parboiling process, could be lower if groundwater or surface 
water is used in the parboiling process.  
3.4.2 Arsenic speciation of selected Bangladeshi rice 
Arsenic speciation was carried out for selected samples of rice varieties from Sylhet region 
of Bangladesh which has low groundwater arsenic levels. The results obtained show that 
the arsenic in all varieties of rice from the Sylhet region, investigated in this study, was 
predominantly inorganic arsenic (69.7% of the total arsenic). This is similar to what has 
been reported for Bangladeshi rice from arsenic affected regions of Bangladesh.  For 
example, Meharg et al. (2009) reported 61% inorganic arsenic in Bangladeshi rice. Also the 
findings are similar to Williams et al. (2005), who reported 80% inorganic arsenic for 





; both inorganic arsenic species was measured as total 








 were detected in 
Bangladeshi rice, which can provide a better measure of arsenic toxicity associated with 
rice consumption. This is because; As
V
 is known to be less toxic than As
III
 (Naidu et al., 




 are similar 
species, for example Katari rice contains 50% of inorganic as As
V
 and 50% of inorganic as 
As
III
 (Figure 3-2). Parboiled rice contained the highest inorganic arsenic species compared 
to the other varieties of rice analysed (about 90%). This might be explained as being due to 
absorption of arsenic from water (containing mainly inorganic arsenic) during the 
parboiling process. This has been previously suggested by Signes et al. (2008b) for Indian 
rice. It could also be due to transfer of arsenic from the bran layer and the husk. 
3.4.3 Daily intake of arsenic from Bangladeshi rice 
The mean %PMTDI of arsenic for Bangladeshi rice (grown in the Sylhet region) was 28.1 
± 11% with a range 10 – 49.7%. This calculation uses the data from the arsenic speciation 
study and assumes an individual consuming of 500 g of rice per day. In this study, rice 
samples which contain high levels of arsenic were used for arsenic speciation, and the 
%PMTDI percentages were calculated for these samples. However, for rice containing the 
lowest arsenic levels, the %PMTDI values were considerably lower. For example, for 
aromatic rice containing 10.1 µg/kg with an assumed mean inorganic arsenic content of 
69.7%, the %PMTDI will be 2.8%. The %PMTDI of arsenic is therefore lower for aromatic 
rice. This is expected since; aromatic rice has the lowest levels of arsenic compared to non-
aromatic rice (Figure 3-19). The daily intake of arsenic from aromatic rice is 32 and 43% 
lower than boro and aman rice (from other Bangladeshi studies), respectively. This clearly 




supports the idea that aromatic rice (especially those grown in Sylhet) is potentially a 
healthier alternative for Bangladeshis than any other Bangladeshi rice (at least as far as 
what has been reported in the literature).  
3.4.4 Other elements in Bangladeshi rice 
Aromatic rice contained higher levels of the essential elements Se and Zn compared to non-
aromatic rice. This finding is important as consumption of aromatic rice can improve Se 
and Zn intake in Bangladeshis. Recently, some experts have recommended zinc-biofortified 
rice as a solution to Zn deficiency amongst Bangladeshis (Arsenault et al., 2010, Mayer, 
2010; Lindstrom et al., 2011). It has been reported that children and women in Bangladeshi 
villages have low serum zinc concentrations (Kongsbak et al., 2006; Li et al., 2008). In this 
context, rice from Sylhet especially aromatic rice can provide approx. 60% of the 
Recommended Daily Allowance (RDA) of zinc. Thus existing aromatic rice from 
Bangladesh can be used to address zinc deficiency without having to produce new varieties 
of genetically modified rice or hybrid rice with higher grain zinc levels. In general aromatic 
rice, irrespective of where they are grown, has not only lower arsenic levels but also higher 
Zn and Se levels. This is supported by the fact that Basmati rice, an aromatic rice from 
India/Pakistan, also contains similar levels of As, Se and Zn as Bangladeshi aromatic rice. 
 
Surprisingly, no previous studies reported Mn levels in Bangladeshi rice. This is 
the first study to explore Mn concentrations in different types of Bangladeshi rice. The 
mean concentrations of Mn and Zn in rice from Sylhet were higher than that was detected 
in Dhaka market rice samples. Parboiled rice from Dhaka market contained low levels of 




Mn and Zn compared to atap rice from the same market. These levels were also lower than 
rice from Sylhet region. Manganese is an essential element, but in excess it can be harmful 
for human health (Lucchini et al., 2009). Recently, high levels of Mn were detected in 
Bangladeshi groundwater; Bangladeshis may be exposed to high levels of Mn through a 
combination of exposure from drinking water (Frisbie et al., 2009) and consumption of 
certain types of foods and non-foods such as tea infusions and betel quid, respectively. 
From the current study, rice can contribute approximately 50% of the PMTDI (daily intake 
was calculated to be 5.5 mg/day) of Mn for Bangladeshis. Williams et al. (2007) measured 
Mn and other elements in US rice. Mn levels in US rice were found to be 17 ± 1 and 27 ± 3 
mg/day for two different regions in USA. The former value is very similar to Mn levels in 
Bangladeshi rice from Sylhet region. 
 
 Recently, deficiency of zinc in soils and humans in Bangladesh has been reported 
(Mayer, 2010) and as mentioned earlier, children and women in Bangladeshi villages have 
low serum zinc concentrations (Kongsbak et al., 2006; Li et al., 2008, Lindstrom et al. 
2011). Zinc-biofortified rice has been suggested as a way towards increasing zinc intake in 
Bangladeshis (Arsenault et al., 2010, Mayer, 2010). It was recently reported that high levels 
of arsenic in Bangladeshi soils decreases Se and Zn levels in rice (Norton et al., 2010). 
However, this finding appears to contradict the work of Williams et al. (2009) who reported 
that mean concentration of Se and Zn in three places in Bangladesh were rather high 
(Gazipur  (0.12 and 16.85 mg/day); Jessore (0.05 and 13. 01 mg/day) and Faridpur (0.06 
and 14.94 mg/day), respectively. These regions generally have high soil arsenic levels and 




yet the levels of selenium and zinc appear to be rather high. The arsenic levels reported by 
Williams et al. (2009) were higher than in the rice samples analysed in the current study. 
The mean arsenic concentrations in rice from the regions (contaminated area) investigated 
by Williams et al. ranged from 0.260 to 0.420 mg/day. However, the mean concentrations 
of Se and Zn in the current study were 0.043 and 10.5 mg/day (Table 3-3 and 3-5). It is 
clear that Zn contents in Bangladeshi rice for both studies indicate the presence of 
significant levels of Zn in rice. The levels present can provide more than 50% of the 
PMTDI of Zn (assuming someone consumes 0.5 kg per day). Selenium content in 
Bangladeshi rice (in this study) was similar to Williams et al. (2009) study. Aromatic 
varieties of rice, grown in Sylhet area contained high Se and Zn levels and lowest levels of 
toxic elements compared with non-aromatic rice. This data suggest that aromatic rice can 
be a healthier variety of rice for consumption by Bangladeshis.  
 
The toxic elements Cd and Pb were also investigated in the current study. Levels of 
Cd in aromatic rice (43.1 µg/kg) were similar to non-aromatic rice (34.8 µg/kg). However, 
Pb levels in aromatic rice were lower (15.8 µg/kg) than non-aromatic rice (36.4 µg/kg). In 
this respect, aromatic rice contains low levels of toxic elements (arsenic and lead) 
compared to non-aromatic rice. This could be due to the fact aromatic rice is generally 
cultivated during the wet (aman) season and therefore is less dependent on the use of 
groundwater for irrigation. Furthermore, fertilisers use is less than rice grown during boro 
season (Basak, 2011). 
    




Rice can be a major source of dietary intake of Cd and Pb. As already mentioned, 
average daily intake of rice can be 500 g per day (Duxbury et al., 2003) which can provide 
an estimated Cd and Pb intake of 18.6 µg/day (31% of the PMTDI) and 9.1 µg/day (4.3% 
of the PMTDI), respectively. Means of Cd and Pb content in Bangladeshi rice measured in 
the current study were 37.2 and 18.1 µg/kg, respectively for the Sylhet region. The levels 
are similar to what was seen for samples from the Dhaka market. Furthermore, similar 
results for Cd levels in Bangladeshi rice were published by others. For example, Cd levels 
in Bangladeshi rice were found to be 33.1 µg/kg (mean value) (Khan et al., 2010) and 47 
µg/kg (median value) (Kippler et al., 2010), respectively. High intake of rice is clearly a 
major factor for the elevated exposure to Cd and Pb in the Bangladeshi population.  
 
Of the different types of rice analysed, one variety of boro rice contained the highest 
levels of Cd and Pb (184.7 and 109.5 µg/kg, respectively). Boro rice is grown during the 
dry season and is highly dependent on the use of fertilisers and irrigation (Basak, 2011).  
Therefore, it is possible that the higher levels of Pb and Cd in this variety of rice could be 
due to use of fertilisers and contaminated irrigation water. The PMTDI of Cd for a 
Bangladeshi person eating 500 g of rice can be as high as 92 µg/day.  However, the PMTDI 
of Cd should be 60 µg/day (FSA, 2009) and therefore someone eating this type of boro rice 
will exceed the PMTDI for Cd by 53%. For Pb, the daily intake was 54.7 µg/day which is 
equivalent to 26% of the PMTDI [the PMTDI of Pb is 210 µg/day (FSA, 2009)] for this 
element. No previous studies have reported Pb content in Bangladeshi rice, and as such this 
is the first study to provide data for this heavy metal which is highly toxic. Recently, in a 




Chinese market survey, Pb content in rice was determined and the mean concentration of 
Pb in Chinese rice was found to be 62 µg/kg (Qian et al., 2010). This value is much higher 
than the levels detected (in this thesis) for Bangladeshi rice (mean 18.6 µg/kg). The reason 
for this difference could be due to the possibility of the Chinese rice growing in soil with 
higher lead levels. This is possible since China is much more industrialised compared to 
Bangladesh. 
 
In terms of toxic elements:essential elements ratio, aromatic rice show much lower 
As:Se and Pb:Se ratios compared to non-aromatic rice (Table 3-6). This is beneficial since 
the levels of the toxic elements are lower relative to the essential element. In general, 
aromatic rice contains lower levels of toxic elements (apart from Cd which is almost similar 
to non-aromatic rice) and higher levels of essential elements (especially Zn and Se) 
compared to non-aromatic rice. All this makes aromatic rice more attractive for the diet of 
Bangladeshis who are already exposed to high levels of arsenic and have deficiency in the 
intake of Zn (Mayer, 2010) and Se (Spallholz et al., 2008). If a person consumes 250 g of 
aromatic rice containing the lowest arsenic level detected in this study (10.1 µg As/kg) and 
assuming that 100% of the arsenic is present as inorganic arsenic, the PMTDI will be 2%. 
Obviously, if they consumed 500 g (which is the consume rice intake in Bangladesh) it will 
be 4%. Thus, the PMTDI for arsenic can be reduced from 28% (the mean PMTDI% 
calculated in this study) to 4% (7-fold lower arsenic intake) by substituting 500 g of non-
aromatic rice with 500 g of aromatic rice. Furthermore, the intake of Zn and Se will be 




increased by 31.4%, and 125%, respectively. So overall, benefits of eating aromatic rice are 
a reduction in arsenic intake and an increase in the intake of essential elements.  
 
It is known that the yield of aromatic rice is about 800-920 kg per acre compared to 
1,350 kg per acre for non-aromatic (aman) rice (Sarker, 2002). However, some farmers in 
Bangladesh prefer to grow aromatic rice to take advantage of higher revenue. Furthermore, 
aromatic rice does not require much fertilizer, pesticides and irrigation compared to non-
aromatic rice. Therefore, the overall cost of production of aromatic rice is lower compared 
to other rice (Sarker, 2002). The price of aromatic rice in Bangladesh is about double that 
of non-aromatic rice at most retail markets in the capital city Dhaka (The Kushtia Times, 
2011). However, considering the benefits (low arsenic intake and increased intake of zinc 
and selenium), policymakers in Bangladesh can encourage increasing the cultivation of 
aromatic rice so that the price is affordable to most consumers. 
3.4.5 Correlations of arsenic and other elements in Bangladeshi rice 
Arsenic showed significant negative correlation versus Cd for all types of rice with the 
exception of parboiled rice, which showed no correlation. The negative correlation between 
arsenic and cadmium in rice grains is interesting. It may be related to their similar 
toxicology and sequestration machineries in plants (Verbruggen et al., 2009). It has been 
reported previously that arsenic in soils could facilitate cadmium uptake in rice plants 
(Khan et al., 2010). Cadmium in Bangladeshi paddy fields can come from the use of 
fertilizers such as triple superphosphate, and cadmium based pesticides (Sun et al., 2008). 
Further studies are necessary to understand the precise reason underlying the negative 




correlation. No As/Cd correlation was found for parboiled rice. This could be due to the 
fact that the relationship between these two elements is disturbed by the additional 
processing of the rice grain through the parboiling process. The parboiling process can 
result in uptake and/or loss of certain elements from the rice or from water, it is not 
surprsing that As:Cd correlation is not seen in parboiled rice. 
3.4.6 Limitations of the study and future directions. 
A limitation of the present study is that the number of Sylheti rice samples was rather low 
(98 in total) including aromatic rice (34 rice samples). These samples were collected from 
the UK shops, some brought for personal consumption from Sylhet and others were 
purchased from Dhaka market. Hence information regarding soil and water properties in 
the paddy fields in which they were grown are not known. There is therefore a need for 
further studies on Bangladeshi rice samples collected from well defined fields in Sylhet and 
other regions so that the effect of soil characteristics, method of irrigation, fertiliser and 
pesticide use can be taken in to consideration. 





Sylhet region is a relatively low arsenic contaminated area in Bangladesh; different 
varieties of rice that were grown in this area have been analysed. This revealed low arsenic 
levels compared to similar types of rice from other regions of Bangladesh. Bangladeshi rice 
(from both Sylhet and other regions studied) mainly contain inorganic arsenic (approx. 
70%) which is similar to what has been reported in previous studies for Bangladeshi rice. 
Aromatic rice contained the lowest levels of arsenic and high levels of essential elements 
such as selenium and zinc, suggesting their potential as healthier alternatives to non-
aromatic rice which is more commonly consumed in Bangladesh. Significant levels of 
cadmium and lead were detected in Bangladeshi rice. Since the Bangladeshis consume 
large quantities of rice per day, this can lead to a high daily intake of cadmium and lead 
from rice. An important finding of the study is that aromatic rice contained the lowest 
levels of toxic elements and higher levels of essential elements compared to non-aromatic 
rice. The %PMTDI of arsenic can be reduced by 33.7% and 19.2% if someone switches 
from eating non-aromatic rice (aman and boro rice, respectively) to aromatic rice.  
 
Since rice from Sylhet region contains lower levels of arsenic compared to any 
other region of Bangladesh thus far studied, this region can be used for growing different 
cultivars of rice.  This needs further investigation in the future. 








4 LEVELS OF ARSENIC, CADMIUM, MANGANESE, 
LEAD, SELENIUM AND ZINC IN BANGLADESHI 
VEGETABLES AND FISH, WITH ARSENIC 
SPECIATION FOR FISH 
 
Summary 
Human exposure to toxic elements (As, Cd and Pb) is associated with various diseases and 
high levels of these elements have been detected in the Bangladeshi population warranting 
further research to identify the source of this exposure. In this chapter As, Cd, Mn, Pb, Se 
and Zn levels in 400 samples of Bangladeshi food including vegetables, cereals (rice) and 
fish were determined using ICP-MS. Vegetables contained high levels of Cd and Pb, 
especially leafy vegetables; daily intakes of Cd and Pb from vegetables consumption were 
estimated to be 13.14 and 40.7 µg/day, respectively. In contrast, the daily intake of Mn and 
Zn from vegetables consumption were 4.82 and 3.1 mg/day, respectively, whereas, the 
daily intakes for As and Se were 5.16 µg/day and 8.66 µg/day, respectively. Of the 
different vegetables, lal shak (Amaranthus tricolor) contained the highest Cd level [303 
µg/kg (fresh weight); mean 100.5 (SD 95) µg/kg].  
 
Bangladeshi rice also showed significant concentration of arsenic and cadmium 
(mean 68.6 and 37.2 µg/kg, respectively) and it is also the main source of dietary intakes of 
Mn and Zn. Clearly a more balanced diet is necessary to reduce toxic elements intake in the 




Bangladeshi population, especially by reducing the very high intake of rice and certain 
vegetables.  
 
Bangladeshi fish (Hilsha species) contained high levels of total arsenic (mean ± SD 
was 2.55 ± 1.3 mg/day), and for the first time speciation analysis of this popular 
Bangladeshi fish was conducted. Species detected in this fish included DMA (69% of total 
As), arsenobetaine (11% of total As) and arsenosugars (20% of total As). Although 
inorganic arsenic was not detected in Hilsha, this fish contains high amount of DMA which 
is known to be more toxic than arsenobetaine. 





Bangladeshis mainly consume rice, and large quantities of vegetables and some fish. These 
can be a source of high exposure to toxic elements (As, Cd and Pb). Toxic elements such as 
As, Cd and Pb can accumulate in the body for a long time. For example Cd remain in the 
body with a half-life 10-30 years (Jarup et al., 1998) and it can disrupt a number of 
biological processes in human organs such as in the kidneys and the lungs (Bernard, 2008). 
Cadmium exerts its toxic effects mainly on the kidney. It has been reported that over 20 
million people in Bangladesh suffer from kidney disease, especially chronic kidney disease 
(UNB, 2011). Certain populations (in Bangladesh) are exposed to high levels of Cd. For 
example, Cd concentrations in breast milk of Bangladeshi women have been shown to be 
the highest (median 0.14 µg/L) compared to other countries (median < 0.1 µg/L) (Kippler 
et al., 2009). These researchers also found high Cd exposure among children in rural 
Bangladesh (Kippler et al., 2010). The precise reason for the high Cd levels remains 
unknown although intake from food is considered to play an important role. Pb can also 
accumulate in the human body for long periods and an association between Pb exposure 
and neurotoxicity has been reported (Verstraeten et al., 2008).  
 
As discussed in the introductory chapter, Mn, Se and Zn are essential elements for 
human health. However, both excess exposure and deficiency of these elements can affect 
human body functions and cause different diseases (Fergusson, 1990, Li, 2007 and 
Santamaria, 2008). 
 




As levels in some Bangladeshi vegetables in different districts of Bangladesh have 
been reported (Alam et al. 2003, Das et al. 2004 and Karim et al. 2008). Very few studies 
have focused on other trace elements such as Cd, Pb, Mn and Zn in Bangladeshi foods, 
although some recent studies have determined toxic elements in foods including vegetables 
(Alam wt al. 2003, Roychodhury et al. 2003 and Karim et al. 2008). Concentrations of Cd 
in vegetables were found to be significantly high, especially in leafy vegetables. Many 
studies have reported Cd levels in vegetables (Cui et al., 2004, Kachenko and Singh, 2006, 
Karavoltsos et al., 2008, Mor and Ceylan, 2008, Muchuweti et al., 2006, Yan et al., 2009, 
Zheng et al., 2007). However, the number of studies analysing Cd and other toxic elements 
focusing on Bangladesh is limited. In one such study, heavy metal levels in different leafy 
and non-leafy vegetables from Samta village (Jessore district, Bangladesh) were measured 
(Alam et al., 2003). More recently, vegetables from three different areas (contaminated and 
non-contaminated) in Bangladesh have been investigated to determine Cd levels (Naser et 
al., 2009). In the most recent study, Khan et al. (2010) measured Cd levels in Bangladeshi 
rice and some vegetables, and they suggested that significant levels of Cd have entered the 
food-chain of Bangladeshis.  
 
Manganese, selenium and zinc are essential elements, their levels in Bangladeshi 
vegetables and fish needs more studies to estimate the daily intakes of these elements 
through consumption of Bangladeshi foods. A recent study showed that Bangladeshi people 
may have Se deficiency in their diet (Spallholz et al. 2008). Zinc and other elements were 
determined in Bangladeshi foods by Alam et al. (2003); high levels of Zn were detected in 




leafy and non- leafy vegetables (4.8 mg/kg). Despite the fact the Bangladeshi population 
depend mainly on fish as the main animal product in their diet, few studies in the literature 
have determined the arsenic content of Bangladeshi fish (Das et al., 2004) and no arsenic 
speciation studies for fish has been reported. Many studies have reported arsenic levels in 
sea fish from other parts of the world (Baeyeans et al., 2009, Vieira et al., 2011, Storelli et 
al., 2004). Recently, Baeyeans et al. (2009) measured As in different types of sea fish from 
the North Sea and reported mean ± SD of total As as 12.83 ± 12.01 µg/kg (wet weight); 
organic arsenic species were the major form of arsenic in these fish types and the 
percentage of inorganic arsenic was 1.03%.  
 
In this chapter, total concentrations of six elements - three toxic (As, Cd, Pb) and 
three essential (Mn, Se, Zn) - in 400 Bangladeshi products (vegetables and fish) that are 
consumed by humans were determined. Speciation of arsenic in one of the most popular 
Bangladeshi fish (Hilsha) was conducted. Daily intakes of the six elements from 
Bangladeshi foodstuffs were estimated.  
 
4.2 Materials and Methods 
4.2.1 Sample collection 
Different types of Bangladeshi foods (including rice, leafy and non-leafy vegetables and 
fishes) (n = 400 samples), which are widely consumed amongst Bangladeshis, were 
purchased from Bangladeshi shops and UK markets between September 2008 to November 
2009. Vegetables and fish samples were of Bangladeshi origin and are popular with the 




Bangladeshi communities living in the UK and in Bangladesh. Furthermore, foods such as 
rice brought into the UK from Bangladesh for personal consumption were also analysed.   
4.2.2 Sample preparation 
4.2.2.1 Food preparation 
See section (2.2.2.) in methodology chapter. 
4.2.2.2 Sample digestion 
See section (2.2.3.1.) in methodology chapter. 
4.2.2.3 Elemental Determination 
Concentrations of As, Cd, Mn, Pb, Se and Zn in the digested sample solutions were 
determined by ICP-MS (see section 2.2.4.).  
4.2.2.4 As speciation in Hilsha fish samples 
Dried (0.2 g) Hilsha fish (see Figure 4-1) samples (flesh and eggs) were extracted in 
aqueous solution using a microwave digester (see chapter 2). Subsequently, the arsenic 
species were detected by HPLC-ICP-MS (see section 2.2.7.1.). 
 






Figure 4.1: Hilsha ilisha (Tenualosa ilisha) is one of the popular fish in Bangladesh. 
 
 
4.2.3 Quality Control and standard reference material 
See Table 2-5 in methodology chapter Section (2.2.5.). 





4.3.1 Arsenic and other elements levels in fish 
4.3.1.1 Total levels of arsenic in fish 
Fish is the major animal product consumed in Bangladesh, and here in this study, 11 
varieties of freshwater fish and one variety of sea fish (Hilsha type) sold in ethnic 
Bangladeshi shops in the UK were analysed (Table 4-1). Concentrations of arsenic in fish 
were determined. The highest arsenic was detected in Hilsha eggs (Tenualosa ilisha) 6.14 
mg/kg. Mean concentrations of arsenic ranged from 0.005-3.4 mg/kg for big fish flesh (size 
was 40 to 75 centimetres) and 0.1-2.5 mg/kg for small fish flesh (size less than 15 
centimeters) (Table 4- 1).  
4.3.1.2 Total levels of cadmium and lead in fish 
Concentrations of Cd and Pb in fish were determined. The highest Cd was detected in 
Hilsha eggs (Tenualosa ilisha) 1725 µg/kg, and the highest Pb level (1160 µg/kg) was 
detected in Rhui fish (Labeo rohita). Mean concentrations of Cd and Pb ranged from 0.6 – 
22.6 and 19 – 250 µg/kg for big fish flesh and 1.8 – 188 and 15.8 – 124.5 µg/kg for small 
fish flesh, respectively. High Cd level was detected in Shoal fish (Micropterus cataractae) 
(in liver) 121 µg/kg compared with 1.1 µg/kg in Shoal fish (flesh), whereas, low Cd levels 
were 0.7 to 1.5 µg/kg
 
for Rhui fish and Mrigal fish (Cirrhinus cirrhosus), respectively 
(Table 4- 2).  




4.3.1.3 Total levels of manganese, selenium and zinc in fish 
High levels of manganese in fish were detected. The manganese levels were 2.93, 2.84 and 
1.76 mg/kg for Rhui fish, silver fish (small fish) and Ayer fish, respectively. Hilsha egg 
contains the highest mean concentration of Mn (3.47 mg/kg) (Table 4-3). Generally, Se and 
Zn concentrations in small fish are higher than in big fish (Table 4-1, 4-3). Se levels were 
51.91 and 23.15 mg Se/kg (mean value) in Keski fish and sliver coloured fish (small fish), 
respectively. In contrst, Se levels in big fish ranged between 0.08 – 1.66 mg/kg (Table 4-1). 
Zinc levels were 140.6 and 45 mg/kg (mean value) in Keski fish and Nodoi fish, 
respectively, compared with 14 and 25.5 mg/kg in Hilsha fish and Shoal fish (liver), 


















Table 4-1; As and Se (mg/kg dry weight) levels in different types of fish consumed by 
Bangladeshis. 
 
Sample  n As Se 
  Mean ±SD Min Max Mean ±SD Min Max 
Big fish 
Hilsha (Tenualosa ilisha) (BD) 
Hilsha (Myanmar) 
Rhui (Labeo rohita) (BD) 
Rhui (Myanmar)  
Ayre (Sperata aor) 
Shoal  (Micropterus cataractae) 
Shoal fish (liver) 
Mrigala (Cirrhinus cirrhosus)   
Small fish 
Puti (Puntius puntio) 
Silver fish (Unknown type) 
Keski (Carica soborna) 
Chapica (Gudusia chapra) 
Taki (Channa punctata) 
Nodoi (Nandus nandus) 
Tit punti (Puntius ticto) 
Eggs 
Fish egg (Hilsha) (BD) 
Fish egg (Hilsha) (Myanmar) 
Chicken egg (white) (UK) 
























2.55 ± 1.3 
4.94 ± 0.7 
0.03 ± 0.03 
0.105  





0.14 ± 0.04 
2.55 ± 0.6 
1.4 ± 0.2 
0.39 ± 0.2 
0.09 ± 0.007 
0.15 ± 0.04 
0.103 ± 0.02 
 
3.2 ± 1.4 
4.8 















































0.90 ± 1.31 
0.43 ± 0.03 
0.26 ± 0.02 
0.54 





4.16 ± 2.52 
23.15 ± 6.31 
51.91 ± 0.43 
5.69 ± 2.72 
0.89 ± 0.48 
7.63 ± 0.89 
1.72 ± 1.26 
 
2.04 ± 0.98 
1.48 
0.64 ± 0.47 

























































Table 4-2: Cd and Pb levels (µg/kg dry weight) in different types of fish consumed by 
Bangladeshis. 
 
Sample  n Cd Pb 
  Mean ±SD Min Max Mean ±SD Min Max 
Big fish 
Hilsha (Tenualosa ilisha) (BD) 
Hilsha (Myanmar) 
Rhui (Labeo rohita) (BD)  
Rhui (Myanmar)  
Ayre (Sperata aor) 
Shoal  (Micropterus cataractae) 
Shoal fish (liver) 
Mrigala (Cirrhinus cirrhosus)   
Small fish 
Puti (Puntius puntio) 
Silver fish (Unknown type) 
Keski (Carica soborna) 
Chapica (Gudusia chapra) 
Taki (Channa punctata) 
Nodoi (Nandus nandus) 
Tit punti (Puntius ticto) 
Eggs 
Fish egg (Hilsha) (BD) 
Fish egg (Hilsha) (Myanmar) 
Chicken egg (white) (UK) 
























22.6 ± 31 
11.2 ± 3.2 
4.1 ± 4.7  
0.6 





8.1 ± 4.4 
188 ± 54 
22 ± 2.7 
7.8 ± 0.7  
1.8 ± 0.7 
2.3 ± 0.3 
1.9 ± 0.4 
 
278 ± 518 
7.4 
0.5 ± 0.4 














































62 ± 61 
36.5 ± 18.7 
250 ± 328  
21.6 





240 ± 211 
114 ± 35 
78 ± 14 
32.4 ± 5.3 
15.8 ± 11.2 
32 ± 14.6 
22.4 ± 11 
 
62.1 ± 39 
9.4 
15.9 ± 9.1 
























































Table 4-3: Mn and Zn levels (mg/kg dry weight) in different types of fish consumed by 
Bangladeshis. 
 
Sample  n Mn Zn 
  Mean ±SD Min Max Mean ±SD Min Max 
Big fish 
Hilsha (Tenualosa ilisha) (BD) 
Hilsha (Myanmar) 
Rhui (Labeo rohita) (BD)  
Rhui (Myanmar)  
Ayre (Sperata aor) 
Shoal  (Micropterus cataractae) 
Shoal fish (liver) 
Mrigala (Cirrhinus cirrhosus)   
Small fish 
Puti (Puntius puntio) 
Sliver fish (Unknown type) 
Keski (Carica soborna) 
Chapica (Gudusia chapra) 
Taki (Channa punctata) 
Nodoi (Nandus nandus) 
Tit punti (Puntius ticto) 
Eggs 
Fish egg (Hilsha) (BD) 
Fish egg (Hilsha) (Myanmar) 
Chicken egg (white) (UK) 
























0.7 ± 0.5 
0.5 ± 0.2 
2.9 ± 3.9  
0.5 





6.4 ± 4.8 
2.8± 0.8 
0.8 ± 0.07 
0.6 ± 0.2 
0.2 ± 0.007 
0.4 ± 0.2 
0.3 ± 0.007 
 
3.5 ± 1.7 
3.4 
0.09 ± 0.05 














































13.4 ± 11.3 
4.3 ± 1.2 
6.9 ± 5.7  
11 





16.4 ± 8.3 
25 ± 3.7 
140 ± 1.1 
26.9 ± 16.4 
6.4 ± 1.3 
45 ± 9.4 
16.2 ± 0.3 
 
26.5 ± 20 
10.6 
1.2 ± 0.5 























































 Figures 4-2 to 4-9 shows the ratio of As:Se, As:Zn, Cd:Se, Cd:Zn, Pb:Se, Pb:Zn, 
Mn:Se and Mn:Zn for different types of Bangladeshi fish and fish eggs. The ratio between 
toxic and essential elements can be used as a guide for identifying the healthy fish species. 
Fish with lower ratio can be considered to be less harmful and healthier species for human 
consumption. Hilsha fish and its eggs showed the highest ratios of As and Cd with both Se 
and Zn. However, small fish group have the lowest ratios, especially Keski fish. Rhui and 
Ayer fish have the highest ratios of Pb and Mn with Se and Zn compared with other types 
















































Figure 4.6: Lead and selenium ratio of Bangladeshi fish. 
 
































4.3.1.4 As species in Bangladeshi fish (Hilsha species) 
From this study of Bangladeshi fish bought from ethnic shops in the UK, the highest 
arsenic concentration was measured in a big fish type named Hilsha fish and its eggs. This 
fish species is very popular amongst Bangladeshis. This study is the first to determine 
arsenic species in a Bangladeshi fish and its eggs. Eight samples of fish flesh and four 
samples of eggs were used for arsenic speciation study with tuna fish being used as a 
reference material (BCR-627). AsBet, DMA and arsenosugars species were detected in 
Hilsha fish (flesh and eggs) (see Figure 4-10 and 4-11). Extraction efficiencies (%) were 59 
– 89 for fish flesh and 36 – 50 for fish eggs. In contrast, for tuna fish tissue (BCR-627) the 
extraction efficiency was 99%. DMA species was higher than AsBet species in majority of 
the fish samples analysed, whereas arsenosugars was significant in some samples and in 
some cases was similar to levels of AsBet species (Table 4-4). Figure 4-12 shows that the 
percentage of arsenic species including AsBet, DMA and arsenosugars in both Hilsha fish 
flesh and eggs, DMA is the main species in Bangladeshi Hilsha fish extracts. No AsChol 
from Hilsha fish was detected. 
















Figure 4.10: Chromatogram of the blank solution was used for arsenic speciation in Hilsha 






Figure 4.11: Chromatogram of arsenic speciation in Hilsha fish using HPLC-ICP-MS. 







Table 4-4: Concentrations and percentages of arsenic species in Bangladeshi Hilsha fish. 
 












































2.65 ±0. 97 
3.12 ± 0.87 
3.42 ± 1.39 
4.01 ± 0.5 
3.32 ± 1.11 
2.45 ± 0.65 
1.36 ± 0.54 
2.27 ± 0.43 
 
3.52 ± 0.86 
2.98 ± 0.73 
2.83 ± 0.34 
3.45 ± 0.56 




























































































1.38 ± 0.068 
1.81 ± 0.075 
1.39 ± 0.056 
1.64 ± 0.066 
1.45 ± 0.034 
0.95 ± 0.033 
0.66 ± 0.045 
1.15 ± 0.073 
 
0.99 ± 0.074 
0.39 ± 0.056 
0.23 ± 0.045 
0.17 ± 0.043 
















Hilsha fish (flesh and eggs) were used for arsenic speciation, for quality control Tuna tissue BCR-627 was used 






Figure 4.12: Percentages of arsenic species in Hilsha fish, means of eight samples of fish 




















4.3.2 Total levels of different elements in vegetables and rice 
4.3.2.1 Total levels of As, Cd, Pb and Se in vegetables and rice 
Generally, low mean levels of arsenic were detected in non-leafy vegetables, 0.3, 0.5 0.7 
and 0.9 µg/kg (in aubergine, okra and peas). The highest mean arsenic concentration was in 
data shak (33.5 µg/kg). However, the content of Cd in leafy and non-leafy vegetables 
varied between 0.7 and 0.8 µg/kg (in ivy gourd and peas, respectively) followed by 4 and 
4.5 µg/kg for lentils and beans, respectively. The highest Cd levels were detected in leafy 
vegetables (303 µg/kg) and puffed rice (303 µg/kg) followed by polished white rice (184.7 
µg/kg). Pb levels ranged from 1.3 and 1.7 µg/kg in onion and aubergine as lower levels, 
rising to 364 and 505 µg/kg in data shak and tea leaves, respectively. Generally, leafy 
vegetables contain higher toxic elements compared to non-leafy vegetables (Table 4-5, 4-6 
and Figure 4-13). Different varieties of shak (leafy vegetables) were found to have 
particularly high levels of Cd, with mean concentrations ranging from 46.4 to 100.5 µg/kg 
(fresh weight). The highest Se levels were 573 and 152 µg/kg in cumin and lentils, 
respectively. 
Rice is a staple food for Bangladeshis, and this was found to contain significant 
levels of As, Cd and Pb. Of the different types of rice grains analysed, the highest As, Cd 
and Pb levels detected were 160.8, 184.7 and 109.5 µg/kg and the means were 68.5, 37.2 
and 18.5 µg/kg, respectively. However, puffed rice, which is widely consumed by 
Bangladeshis, has the highest As (173 µg/kg), Cd (303 µg/kg) and Pb (372 µg/kg) content 
(see Table 4-5, 4-6).The moisture content in the different food samples analysed ranged 
from ~10% for rice to 92% for leafy vegetables. 




Table 4-5 : As and Se levels (µg/kg wet weight) of Bangladeshi foods sold in UK shops. 
Sample  n As Se 
  Mean ±SD Min Max Mean ±SD Min Max 




















Roots vegetables (peeled) 
Potato  
Arum Kuchi Mukhi (Taro) 
Onion 









Cucumber   
Sweet pumpkin  





Jhinga slices  












































68.5 ± 41 





12.9 ± 6 
4 
29.7 ± 42 
 
1.4  
10 ± 11 
1.1± 1 
3.6  




2 ± 2 
0.9 ± 0.4 
4.4 ± 3 
2 
2.1  
1.2 ± 0.5 
3.1 ± 4 
4.1 
6.2 
0.7 ± 0.5 
0.5 ± 0.1 
1.7 ± 0.9 
0.8 ± 0.5 
1.6 ± 0.9 
3.2 ± 1 
6.7 ± 1 
1.4  












































































54.9 ± 53 





86.7 ± 76 
95.1 
48 ± 42 
 
29  
11 ± 4 
22.4± 9 
17  




33 ± 50 
19.3 ± 31 
152 ± 178 
1.3 
8.3  
8.6 ± 8 
11.2 ± 7 
12 
2.4 
4.7 ± 4 
8 ± 7 
9.2 ± 12 
10.1 ± 1.4 
5.8 ± 4 
10 ± 7 
6.9 ± 5 
0.9  




















































































Table 4-5 continued. 
 
Sample  n As Se 
  Mean ±SD Min Max Mean ±SD Min Max 
Leafy vegetables 









Curry leaves  fresh
b 
 
All leafy vegetables  
Fruit 
Raw mango 
Shatkora (type of citrus fruit) 
Banana 
Banana stem 
Boroi (type of fruit) 










Curry powder  
Fish powder  
Bay leaves powder 




































11 ± 7 
12 ± 11 
12 ± 10 





12.1 ± 14 
 
4.7 
2.4 ± 2 
1.2 
0.5 
1.5 ± 0.8 
15 ± 14 
3.9 ± 4.7 
 
31 ± 15 
27.5 ± 10 
29.4 ± 16 
48 ± 37 
36 ± 21 
23.5 ± 9 
2775 
69.1 
380 ± 968 
 
0.2 ± 0.1 
































































21 ± 34 
4.4 ± 2 
31 ± 50 





28 ± 30 
 
9.5 
3.6 ± 3 
75.6 
0.7 
2.1 ± 1 
30 ± 28 
22 ± 28 
 
65 ± 22 
112 ± 83 
573 ± 181 
36 ± 10 
116 ± 50 
171 ± 66 
1656 
27 
345 ± 558 
 
0.2 ± 0.1 
































































these products were from UK shops and were used for comparison and daily intake estimation 
b 










Table 4-6: Cd and Pb levels (µg/kg wet weight) of Bangladeshi foods sold in UK shops. 
 
Sample  n Cd Pb 
  Mean ±SD Min Max Mean ±SD Min Max 




















Roots vegetables (peeled) 
Potato  
Arum Kuchi Mukhi (Taro) 
Onion 









Cucumber   
Sweet pumpkin  





Jhinga slices  












































37.2 ± 30 





21.7 ± 3 
12.4 
24.3 ± 21 
 
6.7 
15.8 ± 6 
2.7± 0.9 
10  




4.9 ± 4 
0.8 ± 0.4 
4 ± 2 
0.7 
5.4  
8.7 ± 6 
2.6 ± 1 
0.7 
3 
4.2 ± 1 
18 ± 27 
8.3 ± 6 
7.6 ± 2 
1.7 ± 0.4 
8.7 ± 4 
1.6 ± 0.8 
19.7  












































































18.5 ± 16 





38.6 ± 32 
204 
60.3 ± 65 
 
12.4  
55.1 ± 50 
1.3± 0.1 
6.4  




11 ± 6 
8 ± 5 
11.2 ± 19.6 
4.0 
4.3  
9.2 ± 4 
25.3 ± 36 
6.1 
2.5 
3.3 ± 2 
1.7 ± 0.2 
10 ± 6 
4.4 ± 2.1 
9.3 ± 5 
26 ± 25 
5.4 ± 2 
12.2  



















































































Table 4-6 continued. 
 
Sample  n Cd Pb 
  Mean ±SD Min Max Mean ±SD Min Max 
Leafy vegetables 









Curry leaves  fresh
b 
 
All leafy vegetables  
Fruit 
Raw mango 
Shatkora (type of citrus fruit) 
Banana 
Banana stem 
Boroi (type of fruit) 










Curry powder  
Fish powder  
Bay leaves powder 




































100.5 ± 95 
56.8 ± 16 
40.3 ± 22 





31 ± 29 
 
2.2 
1.9 ± 2 
0.4 
4.3 
1.7 ± 0.5 
2.9 ± 2 
2.3 ± 1.2 
 
22.7 ± 17 
37.6 ± 23 
49.5 ± 3 
290 ± 30 
61.2 ± 31 
48.9 ± 27 
132 
71.8 
89.2 ± 87 
 
0.07 ± 0.05 
































































105 ± 84 
34.6 ± 18 
72.1 ± 96 





115 ± 163 
 
17 
11 ± 6 
15 
4.8 
7.5 ± 3 
37 ± 41 
17.4 ± 12 
 
244 ± 222 
193 ± 242 
116 ± 12 
2623 ± 2761 
208 ± 120 
129 ± 54 
122 
526 
520 ± 860 
 
0.5 ± 0.3 
































































these products were from UK shops and were used for comparison and daily intake estimation 
b 
















Figure 4.13: Concentrations of As, Cd, Pb and Se in 306 samples of Bangladeshi foods 
including cereal, vegetables and fruits. Bars represent standard deviation (SD). *Pb in leafy 
vegetables has high (SD 163) and therefore the bar is omitted. 





4.3.2.2 Total levels of Mn, Se and Zn in vegetables and rice 
The mean concentrations of essential elements (Mn and Zn) in various foods originating 
from Bangladesh are presented in Table 4-7 and Figure 4-14. The highest mean 
concentration of Mn was 564 mg/day (fresh weight) for cinnamon. Leafy vegetables also 
have the highest content of Mn. Low Mn levels were detected in corn flour (0.016 mg/kg) 
and papaya (0.62 mg/kg). The highest Zn levels were 25.92 and 17.66 mg/kg for coriander 
and lentils, respectively (Table 4-7). Different varieties of shak (leafy vegetables) were 
found to have particularly high levels of Mn and Zn, with mean concentrations ranging 
from 9.1 to 17.30 mg/kg for Mn and 3.29 to 7.64 mg/kg for Zn.  
 





Table 4-7: Mn and Zn levels (mg/kg wet weight) of Bangladeshi foods sold in UK shops. 
Sample  n Mn Zn 
  Mean ±SD Min Max Mean ±SD Min Max 




















Roots vegetables (peeled) 
Potato  
Arum Kuchi Mukhi (Taro) 
Onion 









Cucumber   
Sweet pumpkin  





Jhinga slices  












































13.19 ± 5.6 
8.31 ± 4.4 
6.74 ± 2.4 
17.31 ± 3.2 
9.15 
0.016 
11.89 ± 1.4 
5.25 
8.98 ± 5.2 
 
3.86 ± 4.4 
34.3 ± 31.8 
0.81± 0.15 
1.19 ± 0.19 
6.26 ± 7.91 
42.32 
1.51 ± 0.22 
 
7.26 ± 5.5 
3.94 ± 0.6 
7.73 ± 2.8 
0.62 
2.93 ± 1.6 
1.04 ± 0.5 
5.04 ± 4.2 
1.25 
0.69 
1.85 ± 0.7 
4.30 ± 4.7 
2.77 ± 5.1 
1.57 ± 0.4 
3.49 ± 2.2 
5.72 ± 8.5 
1.37 ± 0.3 
6.33 ± 0.1 













































































9.01 ± 1.8 
5.96 ± 2.0 
23.5 ± 2 
9.31 
0.24 
22.90 ± 4.1 
4.53 
7.8 ± 7.3 
 
8.27 ± 1.7 
9.16 ± 7.9 
1.50± 0.3 
2.18 ± 0.7 
6.30 ± 2.39 
3.84 
2.27 ± 0.6 
 
5.94 ± 2.1 
4.97 ± 1.3 
17.66 ± 5.1 
2.7 
3.06 ± 0.4 
1.74 ± 0.3 
4.12 ± 2.6 
2.29 
1.21 
3.31 ± 0.8 
1.33 ± 0.3 
5.07 ± 0.9 
2.38 ± 0.6 
0.41 ± 0.02 
6.55 ± 4.3 
2.33 ± 0.2 
2.47 ± 0.2 



















































































Table 4-7 continued. 
 
Sample  n Mn Zn 
  Mean ±SD Min Max Mean ±SD Min Max 
Leafy vegetables 









Curry leaves  fresh
b 
 
All leafy vegetables  
Fruit 
Raw mango 
Shatkora (type of citrus fruit) 
Banana 
Banana stem 
Boroi (type of fruit) 










Curry powder  
Fish powder  
Bay leaves powder 




































9.33 ± 8.9 
17.30 ± 5.9 
9.11 ± 4.6 
14.27 ± 35.1 







1.55 ± 0.7 
12.88 
11.56 
2.90 ± 1.4 
0.87 ± 0.6 
7.23 ± 7.2 
 
80.69 ± 51.7 
25.05 ± 5.4 
31.94 ± 6.5 
337.6 ± 134 
31.65 ± 18.4 
50.7 ± 7 
9.70 
70.29 
79.7 ± 107 
 
5.52 ± 2.6 
































































8.41 ± 5.3 
4.24 ± 0.5 
3.29 ± 1.1 
7.64 ± 6.0 




5.17 ± 2.7 
 
3.03 
2.20 ± 0. 9 
8.13 
7.22 
0.94 ± 0.2 
1.84 ± 1.3 
3.58 ± 2.6 
 
10.03 ± 4.2 
25.92 ± 5.9 
24.18 ± 3.7 
7.51 ± 2.2 
15.92 ± 4.0 
19.2 ± 1.7 
21.21 
30.06 
19.26 ± 7.7 
 
0.23 ± 0.1 
































































these products were from UK shops and were used for comparison and daily intake estimation 
b 











Figure 4.14: Concentrations of Mn and Zn in 306 samples of Bangladeshi foods including 
cereal, vegetables and fruits. Bars represent standard deviation. 
 
 
Ratios of toxic elements (As, Cd, Pb and Mn) to essential elements (Se and Zn) in 
cereal, vegetables and fruits were determined. Figures 4-15 and 4-16 showed that As:Se 
and As:Zn ratio of ginger, radish, rice and leafy vegetables were higher than other 
categories. However, lentil, beans and okra showed the lowest ratios. Figures 4-17 and 4-18 
showed the Cd:Se and Cd:Zn ratios; the ratios for root and leafy vegetables were the 
highest amongst all the categories of foods analysed. Figures 4-19, and 4-20 showed the 
Pb:Se, Pb:Zn ratios for different foods; the ratio for leafy vegetables and ginger are the 
highest, with rice and lentil having the lowest. Figures 4-21 and 4-22 showed the Mn:Se 
and Mn:Zn ratios for different foods; the ratio for ginger and leafy vegetables are the 
highest, with okra and lentil having the lowest.  


































































Figure 4.22: Manganese and zinc ratio of Bangladeshi foods. 
 




4.3.3 Correlations between different elements in Bangladeshi leafy vegetables 
Table 4-8 showed the correlations between trace elements in Bangladeshi leafy vegetables, 
including lal shak and pui shak. Arsenic has correlations with all the elements except 
cadmium. Strong significant correlation was found between arsenic and lead (r = 0.709, P = 
0.007). Manganese showed significant correlation with arsenic and zinc, and correlation 
with other elements. Zinc has correlations with all the elements.  
 
 
Table 4-8 : Correlations between different elements in Bangladeshi leafy vegetables. 
 

























































































































































r: correlation coefficient,  P: probability value, 
**
: correlation is significant at the 0.01 level. 
 
4.3.4 Daily intakes of arsenic and other elements 
Estimation of daily intakes of elements provides a better understanding of the relationship 
between food consumption and health impact. Daily intakes of As, Cd, Mn, Pb, Se and Zn 




around the world has been reported to be 2.1, 1, 150, 3.6, 5 and 300 µg/kg.bw/day (WHO, 
2004). Bangladeshis consume different quantities of foods with vegetables (leafy and non-
leafy) and rice being dominant. For the calculation of daily intakes of these elements from 
vegetables and rice, data from a previously published food frequency questionnaire 
(Zablotska et al., 2008) was used. These authors obtained this information based on data 
from over 10,628 people in Bangladesh. They estimated that 225 g of vegetables are 
consumed per person per day. Using their data, the estimated daily intakes of As, Cd and 
Pb from vegetables were found to be 2.58, 12.03 and 38.3 µg/day for leafy vegetables 
respectively, and 2.58, 1.11 and 2.42 µg/day for lentils and beans respectively (Table 4-9).  
 
Table 4-9: Daily intakes
a
 of elements (µg/day) for Bangladeshis. 
Food type As Cd Mn Pb Se Zn 
Fish 
Green vegetables 









































Daily intakes of elements were calculated by multiplying the concentration of element (µg/g) in food with 
the amount of the same food consumpted per day (g/day).  
 
The daily intakes of different elements from rice (assuming 500 g is consumed per 
day) were estimated to be 34.31, 18.6 and 14.8 µg/day
 
for As, Cd and Pb, respectively. 




Daily intakes of trace elements from fish consumption were estimated to be 31.76, 0.37 and 
4.67 µg/day for As, Cd and Pb, respectively (Table 4-9).  
 
 Highest daily intakes of Mn were 6.58, 3.93 and 3.13 mg/day for rice, tea infusions 
and green vegetables, respectively. Levels of Se was estimated in fish and rice (35.21 and 
27.4 µg/day), respectively. Also daily intake of Zn from rice was high (5.51 mg/day)
 
but 




Very little information is available in the literature about the toxic element contents of 
Bangladeshi fish. Bangladeshis consume high quantities of fish and they may be exposed 
to high levels of toxic elements from fish consumption. Besides fish and rice, vegetables 
constitute an important part of the Bangladeshi diet. Consumption of different quantities of 
vegetables has been reported in the literature. Alam et al. (2003) has reported that the 
amount of vegetables consumed in Bangladesh was 130 g per person per day (fresh 
weight) and it represented 16% of their total food intake (Alam et al. 2003). However, in 
another survey of a very large number of Bangladeshi people (10,628 persons), the 
quantity of vegetable consumed was estimated to be 225 g per person per day (fresh 
weight) (Zablotska et al. 2008). In this thesis, large number of vegetables and fish were 
analysed, and trace elements in these samples were determined. 




4.4.1 Trace elements in Bangladeshi fish 
In this chapter, ratios of toxic elements (As, Cd, Pb and Mn) to essential elements (Se and 
Zn) in different Bangladeshi fish were calculated (Figures 4-2 to 4-9). These ratios may 
provide a guide to identify fish that have lower toxic elements. Results show that Hilsha 
species has higher As and Cd levels than other fish species. However, Rhui and Ayer 
species have high levels of Pb and Mn. 
4.4.1.1 Total of As, Cd and Pb in fish 
The highest As and Cd levels were detected in fish eggs (Hilsha fish) 6146, 1727 µg/kg, 
respectively and the highest levels of Pb (1160 µg/kg) was detected in Rhui fish (freshwater 
fish) (see Table 4-1). In a UK study, As, Cd and Pb were detected in fish samples collected 
from UK markets in 1999. The levels of these elements were found to be 4300 (As), 20 
(Cd) and 20 (Pb) µg/kg (Ysart et al. 1999). Compared to the data for Bangladeshi fish 
presented in this thesis, the arsenic content was similar for some types of fish such as 
Hilsha species. This species of fish can be very common in the Bangladeshi diet. It is a type 
of sea fish that migrates from the sea to the river for spawning. For Bangladeshi freshwater 
fish, the data reported by Ysart et al. (1999) are higher than those presented in the current 
study. In contrast, Cd and Pb levels in Bangladeshi fish were very high compared with the 
UK study of Ysart et al. (1999). However, for the case of arsenic, it is likely the majority of 
the arsenic species in the fish and seafood samples is present as non-toxic arsenobetaine 
(Ebisuda et al., 2002). Results presented in this thesis show that Hilsha fish contained high 
levels of arsenic and for the first time, data on arsenic speciation of Hilsha fish is presented. 
Daily intakes of As, Cd and Pb from fish consumption were estimated to be 31.76, 0.37 and 




4.76 µg/day, respectively. Low Cd intake from fish consumption was estimated compared 
with much higher intakes of As and Pb. The main source of Cd exposure in the Bangladeshi 
population is from rice and vegetables, with very little contribution from fish. This is 
consistent with the observation by Krajcovicova-Kudlackova et al. (2006) who reported 
that the human blood Cd levels decreases with increasing animal food consumption. The 
lower Cd intake from animal products compared to vegetables explains this observation. 
4.4.1.2 Total of Mn, Se and Zn in fish  
High levels of manganese in fish were detected; Mn levels were 2,934, 2,838 and 1,762 
µg/kg for Rhui fish, small silver coloured fish and Ayer fish, respectively. Selenium and 
zinc concentrations in small fish were found to be higher than in big fish (Table 4-2). In a 
study from the UK, Mn, Se and Zn were detected in fish samples collected from UK 
markets in 1999. Levels of these elements were 1,100, 390 and 9,100 µg/kg, respectively 
(Ysart et al. 1999). The Mn content in Bangladeshi fish was similar to the UK fish study. 
However, both Se and Zn contents were higher for the Bangladeshi fish. 
4.4.1.3 As species in Bangladeshi fish (Hilsha variety) 
Arsenic species in Bangladeshi fish (Hilsha type), which contained high levels of arsenic, 
were determined using HPLC-ICP-MS. The species were detected in an aqueous fish 
extract. Results obtained showed that the main arsenic species in all the samples were 
AsBet, DMA and arsenosugar (phosphate) (Table 4-5 and Figure 4-3). AsBet species was 
less than DMA species in fish extraction; it could be that AsBet species is less soluble in 
water. AsBet species is considered to be a non-toxic species for humans (Ebisuda et al., 
2002). However, DMA is a more toxic form (Vega et al., 2001) and no information about 




the toxicity of arsenosugar is currently available. In a recent study, investigating arsenic 
levels in urine of Bangladeshis residing in the UK (Cascio et al. 2011), high levels of DMA 
species in the urine was detected for the Bangladeshis compared to Caucasians. 
Bangladeshis residing in the UK consume similar types of Bangladeshi fish that are 
consumed in Bangladesh. Hilsha fish is available in ethnic Bangladeshi shops in the UK 
and is popular amongst UK Bangladeshis. Thus it is possible that DMA species detected in 
urine from Bangladeshis residing in the UK (Cascio et al. 2011) and Bangladesh (Lindberg 
et al., 2008 and Hall et al., 2009) can come from Hilsha fish species and rice consumption. 
Urinary DMA levels in Bangladeshi population drinking arsenic contaminated groundwater 
are generally attributed to methylation of inorganic arsenic present in water. However, the 
findings of the current study reveals that consumption of fish such as Hilsha species may 
complicate the urinary arsenic species by altering the percentage of DMA in urine samples 
in Bangladeshis. Since DMA levels are used to indicate the methylation capacity of 
individuals, it is important to take into consideration the role of fish consumption in future 
risk assessment studies. 
4.4.2 Trace elements in Bangladeshi vegetables and rice 
Ratios of toxic elements (As, Cd, Pb and Mn) to essential elements (Se and Zn) in different 
Bangladeshi foods including vegetables and rice were calculated (Figures 4-15 to 4-22). 
Results showed that root vegetables contain more arsenic followed by leafy vegetables and 
rice. However, ginger and leafy vegetables contain more Cd, Pb and Mn levels. 




4.4.2.1 Arsenic in vegetables and rice. 
In Bangladesh, arsenic contaminated groundwater is often used for irrigation of crops and 
vegetables paving the way for entry of arsenic and other toxic elements in vegetables grown 
in these arsenic contaminated areas. Some studies of arsenic concentration of Bangladeshi 
vegetables have been reported (Alam et al., 2003; Das et al., 2003; Karim et al., 2008). In 
these studies, various vegetables were sampled from regions of Bangladesh that are known 
to have high levels of arsenic in the ground water. 
 
The highest levels of arsenic were detected in different types of vegetables 
including ghotkol, taro (loti from Arum plant) and snake gourd with values of 446, 440 and 
489 μg/kg (dry weight), respectively, with mean 225 μg/kg
 
(dry weight) for all vegetables 
(Alam et al., 2003). The mean arsenic concentration in leafy vegetable investigated in the 
current study was lower compared with Alam et al. (2003) study (96 μg/kg dry weight). 
However, arsenic concentrations for some specific vegetables were similar. In another 
study, leafy vegetables from Bangladesh were found to contain between 90 to 3990 µg/kg 
(dry weight) of arsenic (Das et al., 2004). In contrast, in the current study the values of 
arsenic in leafy vegetables were between 17 – 278 µg/kg (dry weight). Das et al. (2004) 
also reported high levels of arsenic in potatoes (70 – 1360 µg/kg dry weight). These levels 
are much higher compared to what was detected in the current study [5.2 (1.4) µg/kg dry 
weight (fresh weight)]. In both of the previous studies (Alam et al., 2003; Das et al., 2004) 
vegetables were selected from regions of Bangladesh that are known to contain very high 
levels of arsenic in the groundwater. However, here in this study, one cannot be sure that if 




the vegetables, which were sold in the UK markets, came from an arsenic affected region 
of Bangladesh or not.  
 
Rice contained high levels of arsenic and Bangladeshis consume large quantities of 
rice per day (approximately 500 g dry weight). Recently, Meharg et al. (2009) measured 
arsenic in different types of Bangladeshi rice (from different markets in Bangladesh 
including Dhaka) and found the mean of total aresnic in rice was 130 µg/kg (Meharg et al., 
2009). This is much higher than the arsenic level (68.5 µg/kg) found in rice in the current 
study (Table 4-4). Nevertheless, this value can contribute to a high daily intake of arsenic, 
which was estimated to be 34.31 µg/day. Daily intake of arsenic from all vegetables was 
estimated to be 5.16 µg/day. Leafy vegetables can contribute 2.58 µg/day of arsenic (Table 
4-7). The data presented in this thesis showed that Bangladeshis are exposed to higher 
levels of arsenic from rice consumption compared to vegetable consumption. 
4.4.2.2 Cadmium in vegetables and rice. 
Many studies have determined Cd levels in leafy and non-leafy vegetables in different 
countries (Karavoltsos et al., 2008; Mor and Ceylan, 2008; Yan et al., 2009; Zheng et al., 
2007; Tripathi et al., 1997). However, very little has been reported for Bangladeshi foods 
(Alam et al., 2003; Khan et al., 2010; Naser et al., 2009); the current study is the most 
comprehensive investigation of Cd levels in Bangladeshi food and non-food materials that 
are consumed by humans.   
 




Levels of Cd measured in comparable leafy and non-leafy vegetables in Mumbai 
city (India) were found to be 14.9 and 3.2 µg/kg (fresh weight), respectively (Tripathi et al., 
1997). These Indian results were lower than the findings in the current study for Cd levels 
in vegetables. In a Bangladeshi study by Alam et al. (2003), which measured Cd in similar 
leafy and non-leafy vegetables from Samta village, in the Jessore district of Bangladesh, 
they found that Cd levels in the vegetables ranged from 12 to 216 µg/kg (dry weight). The 
highest Cd content was detected in a leafy vegetable (ghotkol). In the current study, results 
show that Cd levels in vegetables (sold in UK markets and imported from Bangladesh) 
were similar to Cd levels in Bangladeshi vegetables Alam et al. (2003) study.  
 
Lal shak (Amaranthus tricolour) is a leafy vegetable and it is one of the common 
vegetables consumed by Bangladeshis. This vegetable had the highest Cd concentration at 
303 µg/kg (fresh weight). In another Bangladesh study, amaranth vegetables and bitter 
gourd were analysed and Cd levels were found to be 33 and 21 µg/kg (fresh weight), 
respectively (Khan et al., 2010). This was similar to the current study. Naser et al. (2009) 
analysed spinach grown in three different conditions in Bangladesh (directly polluted, 
indirectly polluted and non-polluted) and Cd levels were 1400, 1187 and 559 µg/kg (dry 
weight), respectively. The results from the current study ranged between the latter workers 
non-polluted and polluted area data. This suggests that vegetables sold in the UK markets 
are imported from different areas in Bangladesh, including Cd contaminated and non-
contaminated areas.   
 




In a UK total diet survey (Ysart et al., 1999), green vegetables, potatoes and other 
vegetables grown in the UK were investigated and Cd levels were found to be 6, 30 and 8 
µg/kg (fresh weight). These results reveal that Bangladeshi vegetables sold in UK markets 
have higher Cd concentrations than the vegetables grown in the UK. A recent study in 
Greece analysed organic foodstuffs and vegetables collected from a Greek market and 
determined their Cd levels (Karavoltsos et al., 2008), the highest Cd concentration was 
found in leafy vegetables (15.4 µg/kg fresh weight), which is very low compared to the 
current study results. Onianwa et al. has reported Cd levels in Nigerian leafy vegetables 
averaged 220 µg/kg (dry weight) with a range of 90 – 620 µg/kg (dry weight) (Onianwa et 
al., 2000). Although, these values are higher than the Greek study, the Cd levels are still 
lower than results from the current study which show Cd content for leafy vegetables to 
range from 204.3 to 2931 µg/kg (fresh weight) (25 to 283 µg/kg dry weight). Dry weight in 
the current study was calculated after subtracting the measured water content in vegetables.  
 
More recently, Yan et al. (2009) measured Cd levels in pak choi (Brassica chinensis 
L.), a widely consumed vegetable in China, grown in a metal contaminated area; high 
concentrations of Cd were found in the leafy edible part of the vegetable [ranging from 20 
to 550 µg/kg (fresh weight), with an average of 170 µg/kg (fresh weight)]. The Cd levels in 
roots were even higher than that in leafy edible part (averaged 250 µg/kg fresh weight in 
roots). In the current study, the Bangladeshi leafy vegetables sold in the UK markets show 
Cd levels in vegetables that were similar to what has been reported for vegetables grown on 
contaminated land in other countries including Bangladesh. The significantly high levels of 




Cd detected in leafy vegetables from Bangladesh may be of concern for human health for 
Bangladeshis in Bangladesh and UK Bangladeshi communities that consume large 
quantities of such vegetables. 
 
It has been reported that cadmium accumulates in the leaves of plants (Alloway et 
al., 1990), which is consistent with the observation in this study that Cd levels are much 
higher in leafy vegetables. It has also been reported that the accumulation of cadmium in 
plants, grown in the same soil, decreased in the following order: leafy vegetables > root 
vegetables > grain crops (He and Singh, 1994). 
 
Rice contains significant levels of Cd and is a major contributor of dietary Cd intake 
in rice consuming populations. Rice is a staple food for Bangladeshis; it is consumed at 
least twice a day. Average daily intake can be 500 g (dry weight) which can provide an 
estimated Cd intake of 18.6 µg/day (Table 4-7). The mean of Cd levels in Bangladeshi rice 
in the current study was 37.2 µg/kg (Table 4-4). Similar results for Cd levels in rice were 
published by others. For example, Cd levels in Bangladeshi rice were found to be 33.1 
µg/kg (mean value) (Khan et al., 2010) and 47 µg/kg (median value) (Kippler et al., 2010). 
Kippler et al. (2010) reported that rice consumption is the main source of Cd intake. The 
results presented in this thesis were consistent with this suggestion.  
 
High intake of rice is a major factor for the elevated exposure to Cd in the 
Bangladeshi population. The use of fertilisers, especially phosphate based fertilisers which 




are known to contain Cd, is likely to be the main reason for the high Cd levels in rice. Urea 
and phosphate based fertilisers, such as Triple Super Phosphate, are widely used in rice 
production in Bangladesh (Barkat et al., 2010). It is well known that phosphate based 
fertilizers can contain high levels of different toxic elements including Cd (Dissanayake 
and Chandrajith, 2009). Furthermore, it is possible that urea, which is also widely used as a 
fertilizer, may be contaminated with heavy metals including Cd and its application may 
alter the uptake of Cd from soil (Jalloh et al., 2009). What is of particular concern is the 
very high level of Cd detected in puffed rice. It is widely known in Bangladesh that urea 
fertiliser is used for whitening puffed rice to increase their appeal to consumers. The danger 
of this practice has been highlighted by Shykh Seraj in his writings where he mentions 
about the popularity of puffed rice in Bangladesh and the dangers of human exposure to 
harmful chemicals due to the use of urea for whitening the rice (Seraj, 2007). Since the 
level Cd in puffed rice was very much higher compared to levels detected in other rice 
samples from Bangladesh, analysed in the current study and by others, it can be concluded 
that this is likely due to the manufacturing process used for producing puffed rice or due to 
food adulteration (use of urea for whitening puffed rice). The fact that Cd levels vary 
between different brands, with some showing levels that are similar to raw rice; it is most 
likely that the use of urea is mainly responsible for the very high levels detected for some 
samples. It is important that food safety authorities in Bangladesh act urgently to address 
the entry of heavy metals and other contaminants in puffed rice which is a very popular 
food in Bangladesh. 
 




For non-occupationally exposed populations, the source of exposure to Cd is mainly 
through the dietary route. Vegetables were the main source of toxic elements especially Cd 
from consumption of Bangladeshi food. Alam et al. (2003) has estimated daily intake of 
vegetables in Bangladesh, they found that the daily intake of Cd from vegetables grown in 
Samta village (Jessore, Bangladesh) was 9.45 µg/day (Alam et al., 2003). This daily intake 
for vegetables consumption was similar to daily intake of vegetables estimated in the 
current study (13.14 µg/day see Table 4-7). This similarity between the data from the two 
studies added further confidence to the estimation in the current study. 
 
In the current study, the finding of a very high daily intakes of Cd from vegetables 
and rice (13.14 and 18.6 µg/day) for Bangladeshis can be used to explain the high Cd 
concentrations measured in breast milk of Bangladeshi women (median 0.14 µg/L) 
compared to other countries around the world (median < 0.1 µg/L) (Kippler et al., 2009). It 
may also explain the high Cd exposure among children in rural Bangladesh (Kippler et al., 
2010).  
 
Daily intake of Cd for Bangladeshis was the highest reported for any non-
occupationally exposed populations around the world, with high vegetables and rice 
consumption being the main reason for this. Therefore it is recommend that every effort is 
made to reduce the entry of Cd into the food chain in conjunction with a more balanced diet 
that includes a reduction in the intake of rice and certain leafy vegetables with high Cd 
content.  




The findings (in the current study) suggest that rice and leafy vegetables are the two 
dominant contributors towards dietary exposure to Cd which is in agreement with the 
literature on analysis of different food products by others (see for example, EFSA, 2009).  
It is also consistent with human biomonitoring studies measuring Cd levels in human 
biofluids. For example, Krajcovicova-Kudlackova et al. (2006) reported higher average 
blood Cd concentration in vegetarians compared to non-vegetarians (Krajcovicova-
Kudlackova et al., 2006). As with many other toxic elements, the presence of Cd in the 
environment can be from both natural and anthropogenic sources. Amongst factors 
responsible for high Cd levels in agricultural soil are the use of chemical fertilisers, 
pesticides, sewage sludge and atmospheric pollution. In Bangladesh, application of 
pesticides and chemical fertilizers in agricultural is very common and may explain the 
reason for the occurrence of high levels of Cd in vegetables and rice (Alam et al., 2003).  
4.4.2.3 Lead in vegetables and rice. 
Lead is well known for its toxic effects on human health. Exposure to Pb can lead to 
different diseases (Fergusson, 1990; Verstraeten et al., 2008). Few studies have focused on 
Pb levels in vegetables (see for example, Tripathi et al., 1997; Ysart et al., 1999; Alam et 
al., 2003). Tripathi et al. (1997) has reported that Pb content in leafy and non-leafy 
vegetables were 100 and 4.1 µg/kg (fresh weight), respectively (Tripathi et al., 1997). The 
findings presented in this thesis are very similar to the results of this Indian study. In a 
previous study on vegetables from the UK, Pb levels in vegetables and potatoes were found 
to be 10 and 20 µg/kg, respectively (Ysart et al., 1999).The values for the vegetables are 
much lower than that detected in the current study for Bangladeshi vegetables. More 




recently, Pb content of vegetables were determined in Bangladesh by Alam et al. (2003). 
The highest Pb levels were detected in leafy vegetables (1,689 and 831 µg/kg dry weight 
for ghotkol and shak, respectively), however, lower Pb level was detected in okra (143 dry 
µg/kg dry weight) (Alam et al., 2003). In contrast, the data presented in this thesis showed 
that the highest level of Pb is in data shak (10,660 µg/kg dry weight), which is higher than 
that measured in the Bangladeshi study. Okra contained 33 µg/kg dry weight of Pb as a 
mean value. Low levels of Pb in Bangladeshi rice (mean 18.5 µg/kg) were detected. 
 
In the work presented in this thesis, the daily intake of Pb from leafy and non-leafy 
vegetables was estimated to be 40.7 µg/day (see table 4-7). In contrast, the daily intake of 
Pb from vegetables by a study from Bangladesh was higher at 74.7 µg/day (Alam et al., 
2003). Further work needs to be conducted to better understand the exposure to Pb in 
Bangladesh population. In a previous study, high levels of Pb in blood were determined for 
five year old primary school children in Dhaka (Bangladesh) (Kaiser et al., 2001). 
4.4.2.4 Manganese, selenium and zinc in vegetables and rice. 
Manganese, selenium and Zinc are essential elements and they are required by the human 
body for various functions. However, exposure to high levels of these elements can lead to 
some diseases (Santamaria, 2008; Li, 2007). Also deficiency of these elements can be 
harmful for the human body. Selenium is an antioxidant element and it has been suggested 
to counteract arsenic toxicity (Hsueh et al., 2003). Thus deficiency in the intake of Se could 
result in an increase in arsenic induced ill health in the Bangladeshi population (Spallholz et 




al., 2004). Hence, it is important to have in the diet foods that are rich in essential elements 
such as Se and Zn. 
 
 In this thesis, Mn levels were measured in different types of edible vegetables from 
Bangladesh. High levels of Mn were detected in some of vegetables. In a study on Indian 
vegetables, Mn levels in leafy and non-leafy vegetables were determined by Roychowdhury 
et al. (2003). Manganese levels were 4.60, 4.43, 8.39 and 12.60 mg/kg fresh weight for 
leafy vegetables, beans, spinach and lentil, respectively (Roychowdhury et al., 2003). 
These results (except for lentil) are lower than the findings in the current study (Mn content 
in lentil was 7.73 mg/kg fresh weight). In a study of UK vegetables, Mn in green 
vegetables, potatoes and other vegetables were 2.00, 1.90 and 1.60 mg/kg fresh weight, 
respectively (Ysart et al., 1999). These levels are very low compared to the Mn levels in 
Bangladeshi vegetables from findings in the current study.  
 
Selenium concentrations were measured in different types of edible vegetables in 
Bangladesh (in the current study). In another study on vegetables from India, Se levels in 
leafy and non-leafy vegetables were determined (Roychowdhury et al., 2003). Se levels 
detected by these workers were 0.72, 8.38, 0.2 and 223 µg/kg fresh weights for leafy 
vegetables, beans, spinach and lentil, respectively. These results, except for lentil, are lower 
than the findings of the current study for Bangladeshi vegetables (Se concentration in lentil 
was 152 µg/kg). Generally, lentil contains the highest levels of Se in all the cereals and 
vegetables analysed. In the UK study, Se in green vegetables, potatoes and other vegetables 




were 10, 8 and 20 µg/kg fresh weights, respectively (Ysart et al., 1999). The levels are 
rather low compared with the levels detected for the Bangladeshi vegetables presented in 
this thesis. Daily intakes of Mn and Se from green vegetables consumption for 
Bangladeshis were estimated (in this thesis) to be 4820 and 8.66 µg/day, respectively 
(Table 4-7).  
 
Vegetables are a good source of zinc. High levels of Zn were detected in leafy and 
non-leafy vegetables in this study. Mean Zn contents were 6.52, 4.12 mg/kg fresh weight 
for leafy and non-leafy vegetables, respectively. Zinc content in vegetables was similar to 
that reported from Samta village in Bangladesh (Alam et al., 2003). Zn levels in leafy and 
non-leafy vegetables from India were 4.81 and 1.93 mg/kg (Tripathi et al., 1997). These 
levels are lower than Zn contents in vegetables studied in this thesis. Ysart et al. has 
determined Zn levels in different British vegetables. For green vegetables, potatoes and 
non-vegetables, the Zn levels were 3.40, 4.50 and 2.60 mg/kg (Ysart et al., 1999), 
respectively. These levels are lower than that measured in Bangladeshi vegetables in the 
current study (potatoes contained 8.27 mg/kg
 
fresh weight of Zn). High levels of Zn in 
vegetables were detected in Samta village (in Bangladesh) (Alam et al., 2003). The daily 
Zn intake of vegetables in Bangladesh was estimated to be 3.57 mg/day (Alam et al., 2003). 
This value was very similar to daily intake of Zn estimated from the analysis of 
Bangladeshi vegetables presented in this thesis (3.1 mg/day, see table 4-7). Rice is also a 
good source of Mn, Se and Zn. Since the Bangladeshis consume large quantities of rice 




(approximately 500 g per day), Daily intakes of Mn and Zn from consumption of rice were 
estimated to be 6.58 and 5.51 mg/day, respectively and for Se was 27.4 µg/day (Table 4-7). 
4.5 Conclusion 
Levels of As, Cd, Mn, Pb, Se and Zn were determined in Bangladeshi vegetables and fish. 
Rice and vegetables were the main source of these elements. High levels of toxic elements 
were detected in leafy vegetables such as lal shak; however, non-leafy vegetables can 
contribute towards intake of low toxic elements and high essential elements (Se and Zn) 
such as gourds, okra and lentils. Fish is an integral part of Bangladeshi diet. Big fish 
contained high ratio of toxic and essential elements compared to small fish. This leads one 
suggest that small fish can be a healthier food than big fish. High levels of arsenic were 
detected in Hilsha type fish (big sea fish) which is a very commonly consumed fish in 
Bangladesh. This is the first study to report speciation of arsenic in Bangladeshi fish. 
Hilsha fish was found to contain a higher proportion of DMA compared to AsBet species. 
This issue requires further study by analysing other types of fish including freshwater fish. 
Results showed that Bangladeshis are exposed to high levels of toxic elements from their 
diet and a multipronged strategy is required to reduce these elements such as Cd exposure 
in Bangladeshis. This can include changes in agricultural practice to reduce entry of Cd and 
other toxic elements in the food chain and also appropriate modification of the Bangladeshi 
diet to reduce the intake of foods that were very high in As, Cd and Pb including rice and 
leafy vegetables.  








5 BETEL QUID CHEWING ELEVATES HUMAN 




Increased skin lesion amongst betel quid [a mixture of Piper betel leaves, areca nut, 
tobacco/flavoured tobacco, lime (calcium hydroxide)] chewers compared to non-chewers 
has been reported, for people exposed to arsenic contaminated drinking water, in 
Bangladesh and India. Besides As, Mn levels in Bangladeshi groundwater is also very high. 
As, Mn, Cd and Pb levels of whole betel quid and of its individual components were 
determined using inductively coupled plasma mass spectrometry (ICP-MS). The potential 
contribution of betel quid chewing on the daily intakes of these elements from betel quid 
chewing were estimated for Bangladeshi populations. The highest concentrations of arsenic 
was detected in lime (4.56 mg/kg) followed by Piper betel leaves (0.406 mg/kg) and Zarda 
(flavoured tobacco) (0.285 mg/kg), with a mean concentrations of arsenic in ordinary betel 
quids of 0.035 mg/kg
 
(SD 0.02). Mean concentrations of Cd, Mn and Pb in ordinary quids 
were 0.028 (SD 0.07), 41 (SD 27) and 0.423 (SD 1.4) mg/kg respectively, with highest 
concentrations found in Zarda (1.16 and 53.5 mg/kg
 
for Cd and Pb respectively). However, 
high levels of Mn were detected in Piper betel leaves with an overall average of 135 mg/kg
 
(range 26 -518 mg/kg).  
 




Betel quid chewers displayed a significantly higher arsenic (P = 0.012) and Mn (P = 
0.009) levels. Mean As and Mn concentrations in urine were 52.28 and 1.93 µg/L in 
chewers compared to 31.84 and 0.62 µg/L
 
in non-chewers, respectively. Chewers display a 
3.1 fold increased urinary Mn excretion compared to non-chewers. The daily intake of six 
betel quids can contribute 1.2, 1.9, 18 and 8.5% of the provisional maximum tolerable daily 
intake (PMDTI) for As, Cd, Mn and Pb respectively.  
 
The habit of chewing betel quids has been maintained for many decades and this 
constant exposure to As, Cd, Mn and Pb may result in additive or multiplicative adverse 
effects on the body. This situation is likely to be particularly harmful for those groups that 
are already exposed to high levels of As, Cd, Mn and Pb through drinking water and 
consumption of foods that are rich in these elements, especially vegetables and rice. Since 
betel quid chewing is most prevalent amongst women, especially pregnant women, the 
finding of the current study raises concern that this group may be harming their health and 
that of their unborn babies through increased exposure to As, Cd, Mn and Pb. Additional 
Mn exposure from foods and groundwater may make betel quid chewers in Bangladesh 
more vulnerable to ill health. Hypothesise of this thesis is that higher prevalence of tremor, 
and possibly skin lesions, in betel quid chewers can be attributed to Mn toxicity alone or in 










High levels of arsenic through drinking contaminated groundwater and consuming rice in 
Bangladesh and West Bengal (India) were reported (Samanta et al., 1999). These 
populations are exposed to high levels of arsenic which has been linked to the development 
of various diseases including hyperkeratosis and skin lesions and millions of people are at 
risk of developing cancer (Hafeman et al., 2006). The arsenic contaminated water is also 
used for irrigation of different crops including rice (which is the main food in Bangladesh 
and India). This leads to further problems, as high levels of arsenic were detected in 
consumable foods (rice and some vegetables) grown in Bangladesh (Al-Rmalli et al., 2005; 
Alam et al., 2003; Kile et al., 2007). The risk to human health through intake of toxic 
elements such as As, Cd and Pb from the food chain is also well established (Freitas et al., 
2008; Jarup et al., 1998; Mishra 2009). As, Cd and Pb are the most toxic elements in the 
world; they can interrupt the functioning of human organs such as kidney and lungs. An 
association between Pb exposure and neurotoxicity has been reported (Verstraeten et al., 
2008).  
 
Manganese is an essential element for human health; recently Mn has been 
identified as another element that may pose health risks in Bangladeshi populations through 
drinking Mn contaminated groundwater. Manganese levels higher than the World Health 
Organisation standard (0.400 mg/l) have been detected in Bangladeshi groundwater (Frisbie 
et al., 2009; Hafeman et al., 2007; Ljung et al., 2009). Exposure to high levels of Mn can 




induce neurological effects such as manganism which is characterised by movement 
disturbances similar to that observed in Parkinson‘s disease (Lucchini et al., 2009). Some 
studies have reported a relationship between Mn exposure through drinking water in 
Bangladesh and children‘s intellectual performance (Brown and Foos, 2009) and infant 
mortality (Hafeman et al., 2007). 
 
Elements (As, Cd, Mn and Pb) can increase the generation of reactive oxygen 
species (ROS), which may have harmful effects at the cellular and organ level (Beyersmann 
and Hartwing, 2008). Human exposure to these elements via different routes such as water 
and foods can lead to diverse disease processes. However, intake of these elements from 
non-food sources may be a contributory factor in the development of disease and this 
requires further investigation. More recently Ljung et al. (2009) investigated Mn levels in 
drinking water and its relationship to various biomarkers during early pregnancy for 
Bangladeshi women. Although the authors investigated the relationship between Mn intake 
from water and Mn concentrations in urine and blood, no strong correlation was found. A 
possible explanation for the absence of a correlation was that the additional Mn intake from 
foods was not taken into consideration. 
 
In this regard a significant proportion of the Bangladeshi and Indian populations 
chew betel quid, the habit of betel quid chewing is widely prevalent in Bangladesh (Gupta 
and Ray, 2004) and the possibility that it may contributes to increased exposure to high 
levels of toxic elements and Mn has not been previously addressed.  





Betel quid chewing has been practised for hundreds of years; it is a very common 
social habit in East and South Asian countries. More than 200 millions of East and South 
Asian population chew betel quid daily (Norton, 1998). The main constituent of a betel 
quid are Piper betel leaves and areca nut (the seed of the Areca catechu plant). It is made 
by wrapping chopped areca nut in a Piper betel leaf and it often also includes some lime 
(calcium hydroxide) and tobacco leaves (called Shada in Bangladesh) or Zarda (flavoured 
tobacco) to improve the taste. The betel quid is commonly known as ‗paan‘ in South Asian 
countries including Bangladesh and India. Zarda is often used in betel quids instead of 
untreated tobacco leaves. A relationship between betel quid chewing and increased risk of 
arsenic induced skin lesions have been reported by several workers (McCarty et al., 2006; 
Pilsner et al., 2009; Lindberg et al., 2010). 
 
A significant part of the diet of the Bangladeshi community residing in the UK is 
composed of foods imported from Bangladesh that are sold in ethnic shops. This is 
particularly the case with fish, vegetables and betel quid components such as Piper betel 
leaves, areca nut and Zarda. It has been previous reported that arsenic levels in Bangladeshi 
food is high and concern was expressed that UK Bangladeshis have increased exposure to 
arsenic (Al-Rmalli et al., 2005). Recently Lindberg et al. (2009) determined the arsenic 
content in tobacco and Zarda, which are often included in betel quid, and highlighted that 
tobacco chewing, can further increase the risk of arsenic induced skin lesions among 
Bangladeshi people.    





In this chapter, presents data discussing the potential of human exposure to As, Cd, 
Mn and Pb through the habit of chewing betel quids. Previously it has been suggested that 
arecoline, the principal organic compound, in areca nut, may induce oxidative stress that 
explains greater incidence of skin lesions in chewers (Pilsner et al., 2009). However, as yet 
no studies have addressed the possibility that high levels of As, Mn and other elements in 
betel quids, and possibly other dietary products, may be a contributory factor for such 
adverse health outcomes. To obtain information in this area, urinary As, Cd, Mn and Pb 
levels in betel quid chewers and non-chewers were investigated. It is also relevant for the 
sizeable Bangladeshi and Indian communities residing in the United Kingdom. 
Furthermore, since these toxic elements can readily pass from the mother to the foetus, 
betel quid chewing by pregnant women may be a particular health concern. Therefore, the 
PMTDI for As, Cd, Mn and Pb associated with chewing betel quid was estimated.  
 
5.2 Materials and Methods 
5.2.1 Urine sample collection and study population 
Ethical approval from De Montfort University, Faculty of Health & Life Sciences, Ethics 
committee, was obtained for a study investigating the dietary and life-style habits of 
different ethnic groups in the United Kingdom including members of the Bangladeshi 
community see section (2.2.1.2.). Mn levels in urine were adjusted with specific gravity of 
urine (Nermell et al., 2008). Urine As and Mn levels in non-chewers and in chewer groups 




were compared using a nonparametric test (Wilcoxon rank sum test) with P = 0.012 and P 
= 0.009 being considered as significant for As and Mn respectively.  
5.2.2 Betel quid samples 
Betel quid and its components that are widely consumed in Bangladesh (Piper betel leaves, 
areca nut, lime, tobacco and Zarda) were purchased from UK based ethnic shops in the 
cities of Leicester, Birmingham, London and Luton during the months of September 2008 
and November 2009. Products analysed in this study were of mainly of Bangladeshi origin 
excluding some areca nut and lime, which were of Indian origin. These products are 
popular with Bangladeshi communities residing in the UK.   
5.2.3 Sample preparations 
5.2.3.1 Piper betel leaves and other food preparation 
Piper betel leaves were washed three times with deionised water, dried in an oven at 80 
o
C 
overnight, and then ground with a grinder. Other samples (areca nut, tobacco and Zarda) 
were also ground after drying, but without prior washing.  
5.2.3.2 Betel quid preparation 
Betel quid samples (ordinary and sweet, see Figure 5-1 and 5-2) were collected from ethnic 
shops in UK. However, some betel quids were also prepared in the laboratory by combining 
different chewing components in proportions that are commonly used in commercial 
preparations and also based on information obtained from betel quid chwers (see Chapter 2 
section 2.2.2.1.)  




5.2.4 Sample digestion 
5.2.4.1 Betel quid samples digestion 
Ordinary and sweet betel quids and their individual components were digested by 
microwave assisted digestion (see Chapter 2 section 2.2.3.2).  
5.2.4.2 Urine analysis 
Aliquots (3 – 4 ml) of urine samples were digested (see Chapter 2 section 2.2.3.3.). 
 
Figure 5.1: Betel quid and its components (Areca nut, Piper betel leave, lime and Zarda). 
 




5.2.5 Elemental determination 
Elements in the digested solution samples were determined by inductively coupled plasma 
mass spectrometry (ICP-MS) (see Chapter 2, section 2.2.4.). 
5.2.6 Correlation betweenTDI of Mn and Mn levels in urine. 
The total daily intake (TDI) of Mn (more details about TDI in Chapter 7) and urinary Mn 
levels were taken from the literature for UK, Germany, USA, Japan, Pakistan and India 
(Mumbai) (White and Sabbioni, 1998; Greger et al., 1990; Heitland and Koster, 2006; 
Okashi et al., 2009; Afridi et al., 2009; Tripathi et al., 2000). For the Bangladeshi 
population, the TDI was calculated in-house. Urinary Mn levels for the Bangladeshi 
population residing in Bangladesh were taken from Ljung et al. (2009). Since several 
values for Mn intake are available for a particular country, for the TDI graph values were 
selected values, if available, where both the Mn intake and urinary Mn excretion were 
reported in the same paper. The correlation between TDI and Mn urinary levels was 
calculated using SPSS software (version 17).  
5.2.7 Quality control and standard reference material 










Figure 5.2: Ordinary and sweet betel quid and its components. 
 





5.3.1 As, Cd, Mn and Pb levels in betel quids & its components 
ICP-MS determined concentrations of As, Cd, Mn and Pb in betel quids and their various 
components are shown in Table 5-1. The dry weight of betel quids ranged between 5.5 to 
11 g with an average of 7 g. Mean concentrations of As, Cd, Mn and Pb present in betel 
quids were used for calculating the PMTDI for each of these elements. The standard 
deviation (SD) was also determined. 
 
The mean concentration of arsenic in whole betel quids was higher for ordinary 
quids (0.035 mg/kg) compared to sweetened quids (0.02 mg/kg) (see Figure 5-2). As for the 
individual components, the descending order based on mean levels of arsenic were: lime, 
tobacco leaves, Zarda, Piper betel leaves and betel nut. Mean levels of arsenic in lime were 
23-fold higher than in tobacco leaves. The highest concentration of arsenic was found in the 
lime (calcium hydroxide) (4.56 mg/kg). The mean concentration of arsenic in Piper betel 
leaves showed a particularly wide range of arsenic concentrations, with the highest level in 
the Khasia variety (0.406 mg/kg) (Table 5-1). Thus the Piper betel leaf, which is the main 
characteristic component of a betel quid and considered by many to be healthy due to its 
―green‖ colour, may contribute a significant proportion of ingestible arsenic depending on 









Table 5-1: Concentrations of As, Cd and Pb, Mn  (mg/kg dry weight) of betel quid chewing 
components. 












































































































































































Table 5-1 contained. 
 
Component n Mean SD Median Range 




























































































































* mean value of Pb in Zarda samples excluding one brand contains 53.50 mg/kg 
 
Of the different betel quid components analysed, Zarda had the highest 
concentrations of Cd and Pb, 1.16 and 53.5 mg/kg, respectively. The highest concentrations 
of Cd and Pb in betel quids were 0.065 and 5.27 mg/kg, respectively. However, the mean 




concentrations of Cd and Pb in a single betel quid were found to be 0.028 and 0.423 mg/kg, 
respectively. The highest concentration of Mn was found in Piper betel leaves (518 mg/kg). 
However, with regards to mean concentration of Mn the decreasing order of concentration 
(mg/kg) was: tobacco leaves (367); Piper betel leaves (136); and Zarda (flavoured tobacco; 
102). The content of Mn in lime (calcium hydroxide) was considerably lower at 40 mg/kg. 
Ordinary betel quid contained on average 41 mg Mn/kg, compared to 19 mg/kg for sweeten 
ones. Areca nut had the lowest concentration of Mn (Table 5-1). Low levels of Se were 
detected in all betel components, Se in betel quid was 0.14 mg/kg with range 0.05-0.32 
mg/kg, and however, Zn was 9.94 mg/kg (Table 5-1). 
5.3.2 As speciation in betel quid and Piper betel leaves 
Good extraction efficiencies of betel quid and Piper betel leaves were achieved in aqueous 
solutions; they ranged from 95 to 105% (Table 5-2). High percentage of inorganic arsenic 
species in betel quid and Piper betel leaves were detected (81 – 100%), some samples of 
betel quids contained AsBet species, which may from some species that may add to the 
betel quid. However, Piper betel leaves contained DMA, no MMA or arseno-sugar was 


















Table 5-2: Concentrations and percentages of As species in Betel quids. 
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Inorganic 
As % 


















33 ± 4 
31 ± 8 
34 ± 1 
32 ± 4 
33 ± 1 
36 ± 3 
32 ± 5 
34 ± 4 
 
 
225 ± 28 
228 ± 34  


































































































18  ± 0.3 
1
Ext. Effic.: Extraction efficiency  
2
Typical Japanese food (certified reference material) contained also AsChol (5.4 µg/kg), MMA (14.3 µg/kg) 




5.3.3 Urinary As and trace elements levels in betel quid chewers and non-chewers 
Arsenic levels and other elements in 37 urine samples from ethnic Bangladeshis living in 
the United Kingdom were analysed (Table 5-3, 5-4, 5-5). Mean concentrations of trace 
elements in all urine samples collected (chewers and non-chewers combined) were As 
(52.28 and 32.84 µg/L
 
for chewers and non-chewers, respectively), Cd (0.63 and 0.36 µg/L
 
for chewers and non-chewers, respectively) and Pb (4.12 and 2.54 µg/L
 
for chewers and 




non-chewers, respectively). The mean Mn concentration for all urine samples was 1.04 
µg/L, with a median of 0.45 µg/L and range of 0.08-5.2 µg/L. The mean urinary Mn levels 
in chewers (1.93 µg/L, SD 1.8) was significantly higher (3.1 fold; P = 0.009) compared to 
non-chewers (0.62 µg/L, SD 0.4) (see Figure 5-3). From the questionnaire, it was found 
that an average of 3.5 betel quids was chewed by the volunteers, with a range of 1 - 30 per 
day. Arsenic in chewer urine samples was also significantly higher (1.6 fold; P = 0.012) 
compared to non-chewers. No significant difference was detected for other trace elements. 
 





















































































































































































































































































Figure 5.3: Mn levels in urine for populations from different countries in comparison to 
betel quid chewers and non-chewers from the current study. *Urinary Mn level of 
Bangladeshi chewers (males and females) residing in the UK (1.93 µg L-1). ** No data 














Table 5-5: Levels of different elements in urine from healthy Bangladeshi subjects 
classified according to betel quid chewing 
 
 Mean ± SD
a 
(µg/L) 
95% Confidence  


















52 ± 26 
0.56 ± 0.58 
1.93 ± 1.70 
3.5 ± 4.4 
43.8 ± 40.7 
462 ± 480 
 
29.6 ± 22.1 
0.31 ± 0.28 
0.62 ± 0.60 
2.1 ± 2.3 
35 ± 10 
280 ± 135 
 
38 – 67 
0.30 – 0.95 
1.4 – 4.3 
1.7 – 6.5 
26.2 – 71.2 
245 – 776 
 
21.1 – 40.8 
0.22 – 0.47 
0.7 – 1.4 
1.4 – 3.5 
31 – 40 
222 – 342 
 
17.5 – 101 
0.2 – 2.2 
0.16 – 5.20 
1.3 – 17.3 
15 – 170 
90 – 1803 
 
3.8 – 82.6 
0.1 – 1.3 
0.1 – 2.4 
0.7 – 11.8 
13 – 53 
91 – 510 
a 
No statistically significant difference (P < 0.05) 
 




Table 5-6 presented the estimation of the PMTDIs of As, Cd, Mn and Pb through 
ingestion of individual ordinary betel quids. It has been reported that betel quid 
consumptions in a Bangladeshi population to be 5.7-6.3 per day (Hafeman et al., 2006). 
This is higher than that reported for a Bangladeshi population living in the UK, with a 
range of 2-5 quids per day chewed by 35% and 52% of the males and females respectively 
(Ahmed et al., 2008). In the current survey of 37 (15 chewers) Bangladeshis an average of 
3.5 betel quids per day with a range of 1-30 per day was found. Other studies have also 
reported that people can chew up to 30 quid per day (Lin et al., 2002; Liu et al., 2000). In 
the current study, a more modest intake of six quids per day for the various calculations 
was chosen.  
 









Percentage of PMTDI 





















































 The numerical values shown are the tolerable daily intake for a 60 kg person derived from PMTDIs 
recommended by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) (FSA 2009). 
b
 Ordinary betel quid is more commonly chewed especially at home. 
 




As shown in Table 5-6 consumption of 6-30 betel quids per day (assuming a 
Bangladeshi body weight of 60 kg) contributes to 1-6% of the PMTDI, since the PMTDI of 
inorganic arsenic is 2.1 µg/kg.bw.day (FSA, 2009). For Cd and Pb 1.9 and 8.5% of the 
PMTDI, respectively, can come from chewing six betel quids per day (Table 5-6). As much 
as 18% of the PMTDI for Mn can be derived from chewing six betel quids. For an 
individual chewing 30 betel quids, 90% of PMTDI can be reached. Of particular note is that 
chewing 30 quids per day was estimated to contribute almost half of the PMTDI for Pb.  
5.3.4 Correlation between TDI of Mn and Mn levels in urine 
Figure 5-4 shows a strong positive correlation (Pearson correlation, P = 0.001) between the 
total daily intakes (TDI) of Mn (mg/day) and the urinary excretion of Mn (µg/L) for 
different countries, data derived from the literature are indicated in Figure 5-4. The TDI of 
Mn for Bangladeshi population (in Bangladesh), calculated in the present study, was 
estimated to be 18.7 mg per day for non-chewers of betel quid. This is higher than any 
other country in the world (see chapter 7, Table 7-4). However, the TDI for Bangladeshis in 
UK was much lower at 8.64 and 9.88 mg/day for all volunteers and chewers, respectively. 
Urinary Mn levels for Bangladeshi population (2.5 µg/L) were taken from Ljung et al. 
(2009). Urinary Mn levels for UK Bangladeshis are based on this study.  
 





Figure 5.4: Correlation between TDI of Mn and urinary Mn levels for different countries: 
UK (▲); Germany (∆); USA (♦); Japan (◊); Pakistan (■); India (□); Bangladeshi residing in 












Very little research has been carried out on the intake of arsenic and other toxic elements, 
from non-food sources such as betel quid chewing, in populations that are exposed to 
arsenic through drinking water. Betel quid and their components are widely consumed in 
arsenic contaminated regions of Bangladesh and India. Exposure to As, Cd, Mn, Pb and 
other elements from betel quids have not been previously considered despite the fact 
millions of people in these regions consume it on a daily basis. Only a few studies have 
investigated arsenic intake from various types of foods consumed in Bangladesh (Alam et 
al., 2003; Das et al., 2004; Kile et al., 2007). However, these studies did not include 
contribution from betel quids. Hence, it is very important to monitor the impact of this 
chewing material on different populations.  
 
Many diseases have been associated with the chewing betel quid including oral 
cancer (particularly cancer of the bucal and labial mucosa) (Nandakumar et al., 1990; 
Sankaranarayanan et al., 1998) and oral submucous fibrosis (Auluck et al., 2008). Chewing 
Piper betel leaves and betel nut, either with or without tobacco, can cause cytogenetic 
changes in the oral epithelium; it is a strong factor for development of oral submucous 
fibrosis and mouth cancer (Vanwyk et al., 1993). In South Asian communities in the UK, 
42% in the 50-80 year age group, chew Piper betel leaves and areca nut with and without 
tobacco and they also use lime (Bedi, 1996 and Shetty and Johnson, 1999). The current 
study found that lime (calcium hydroxide) has the highest concentration of arsenic amongst 
the different betel quid components (4.56 mg/kg with mean 3.47 mg/kg). From the 




discussions with chewers (in this study) some heavy chewers can consume as much as 100 
g of lime per week. Furthermore, the level of arsenic in Piper betel leaves was high. This 
leaf along with areca nut are the two key essential components of a betel quid. The intake 
of arsenic from lime and Piper betel leaves has not been previously reported. Previous 
studies on the relationship between betel quid chewing and health outcomes have been 
mainly focused on tobacco and areca nut and little attention has been paid to assessment of 
the harmful effects of Piper betel leaves. It has been reported that 78% of Bangladeshi 
adults chew betel quid with significantly more women than men chewers, and many add 
tobacco to their quid (Bedi, 1996). Another study reported that Bangladeshi men in the UK 
have a high prevalence of hyperhomocystinemia, compared to their white counterparts, 
with betel quid chewing and smoking being strong risk factors (Gamble et al., 2005; 
Chambers et al., 2000). The fact that betel quid chewers, who consume arsenic 
contaminated drinking water in Bangladesh, had higher incidence of skin lesions (McGarty 
et al., 2006) motivated this project to investigate if betel quids contain significant levels of 
arsenic that may be a contributory factor in the development of adverse health impacts in 
humans. Fortunately for UK Bangladeshis, exposure to arsenic intake from drinking water 
is not a problem; unlike the population in Bangladesh where the average content of up to 
0.084 mg/kg of arsenic in groundwater have been reported (Frisbie et al., 2009).   
 
Findings in this thesis add further support to the study by Lindberg et al. (2010) 
who investigated the effect of smoking and tobacco chewing on the health of a Bangladeshi 
population. Although they did not analyse individual components of betel quids, they 




determined the arsenic content of different types of tobacco and Zarda that are included in 
betel quids. They found significant levels of arsenic in these products although they were 
50% lower compared to the values analysed in the current study. This could be due to 
analysis of different varieties and batches of Zarda. Lindberg et al. (2010) did not 
determine the arsenic concentration of Piper betel leaf which is the main component, along 
with areca nut, in betel quid preparations. In this thesis, the highest arsenic concentration 
was not in tobacco or Zarda but in Piper betel leaves and lime. Lindberg et al. (2010) 
stated in their paper that chewing tobacco is associated with a greater risk factor for arsenic 
related skin effects in women compared to men and suggested that this could be associated 
with poor metabolism of arsenic in women. However, there may be an alternative 
explanation since women are known to chew a greater number of betel quids per day 
compared to men (Ahmed et al., 2008). Their exposure to As, Cd, Mn, Pb and other 
substances including organic compounds are therefore likely to be higher. Possible additive 
or multiplicative effects of exposure to these toxic elements may provide an explanation for 
the higher skin related disease amongst betel quid chewers. ROS can be generated by these 
elements which may cause toxic effects at the cellular and organ level.   
 
Whilst exposure to arsenic and its health impact on the Bangladeshi populations is 
being extensively studied, very little research has focused on Cd and Pb exposure.  Elevated 
exposure to Cd has been associated with diverse disease processes such as renal effects, 
bone effects and liver and kidney cancers (Bernard, 2008). It has been reported to mimic 
estrogen (Johnson et al., 2003) and may increase the risk of hormone related cancer in 




women (Akesson et al., 2008). Kippler et al. (2009) have been addressing the issue of Cd 
exposure in Bangladesh and found higher Cd levels in breast milk in Bangladeshi women. 
The mean concentration of Cd in breast milk in Bangladeshi women was found to be 0.14 
µg/L which was higher than other countries excluding Japan and India (Kippler et al., 
2009). Plant based foods, especially vegetables and rice, are the main source of Cd 
exposure (see chapter 4). In the current study, the Bangladeshi population with a dominant 
plant based diet, especially the poor who cannot afford animal products and do not have a 
balanced and nutritious diet, are likely to be particularly vulnerable to increased Cd 
exposure. This situation will be further exacerbated for those who chew betel quid. Thus, it 
is possible, that the high consumption of betel quids by Bangladeshi women is a 
contributory factor for the elevated Cd exposure resulting in higher levels of this element in 
their breast milk which can be harmful to their health and that of their breast-fed child.  
 
Although the exposure to Mn from drinking water by Bangladeshi population has 
been recently highlighted (Frisbie et al., 2009), studies on Mn intake from foods are 
limited. The first study to address Mn intake from foods in the Bangladeshi diet was 
reported by Zablotska et al. (2008), although this study did not incorporate contributions 
from betel quids and water. The observation by Hafeman et al. (2006) that betel quid 
chewers, who are likely to be consuming As and Mn contaminated drinking water, had 
higher incidence of skin lesions and tremor led to determination of the urinary levels of Mn 
in chewers compared to non-chewers in this thesis and also to carry out a more 




comprehensive estimation of the dietary intake of Mn that took into consideration 
contributions from betel quid chewing, tea drinking etc.  
 
In this study, a positive correlation exists between the total daily intake of Mn and 
urinary excretion of Mn for different populations (Figure 5-4). This is an interesting finding 
and such a correlation may be used for prediction of either urinary Mn excretion or total 
daily intake of Mn for other population, provided data on one of these two parameters are 
available. The positive correlation also suggests that bioaccessibility and bioavailabilty of 
Mn from different dietary sources, including drinking water, are likely to be similar. 
Results shows that the average intake of Mn for Bangladeshi population is 18.3 and 18.7 
mg/day from foods when betel quids (6 quids) or water (2.7 litres), respectively, are 
included in the daily intake estimation. When both betel quid chewing and drinking water 
are included in the calculation, the total daily intake of Mn is 20.3 mg/day
 
for all foods (see 
chapter 7). Since India is a very large country, there are large variations (2.2 – 9 mg/day) in 
the daily Mn intake. Similarity in diet and cultural habits of the people of these regions 
explains the similarities in their daily Mn intake. In contrast, a Mumbai study (Tripathi et 
al. 2000) showed that the daily Mn intake was 2.21 mg/day; these data were used for the 
Mn TDI and urinary Mn levels graph (Figure 5-4) because the urinary Mn levels were 
available from this Mumbai study. Daily dietary Mn intakes of different countries were 
shown in Table 7-5 (Ysart et al. 1999, Noel et al. 2003, Wilplinger et al. 1999, Schafer et 
al. 2004, Marti-Cid et al. 2009; Aung  et al. 2006).  
 




Exposure to elevated levels of Pb has been associated with various diseases 
including lung cancer (Palma et al. 2008), imminuotoxicity (Mishra, 2009) and 
neurotoxicity (Verstraeten et al., 2008). Due to increased industrialisation and use of Pb 
based fuels and chemicals, exposure to Pb in Bangladesh is becoming a significant problem 
and elevated blood Pb levels were detected in  primary school children  in Dhaka 
(Bangladesh) (Kaiser et al., 2001). From the current study, 8.5% of PMTDI of Pb can be 
derived from chewing six betel quids per day, this value can exceed the Pb intake for 
Bangladesh population if we consider some cities of Bangladesh have high levels of Pb in 
their air due to traffic pollution in addition to exposure from vegetables and rice which can 
contain higher levels of Pb compared to animal products. Thousands of economically 
deprived Bangladeshi‘s reside in slums of the capital city Dhaka, often adjacent to roads, 
and are exposed to toxic elements including lead from traffic pollution. This along with 
absence of a balanced and nutritious diet, are likely to make them more vulnerable to 
exposure to Pb, especially those who also practice the habit of chewing betel quids.    
 
 Since the Bangladeshi community in the United Kingdom have a similar diet to 
people living in Bangladesh (Kassam-Khamis et al., 2000), the current study determined 
the level of Mn in urine from 37 volunteers (15 betel quid chewers and 22 non-chewers). 
As can be seen from Figure (5-3), betel quid chewers have a statistically significant (P = 
0.009) higher Mn levels compared to non-chewers, which is likely to be due to the high Mn 
content in betel quids that they chew. Urinary Mn levels in the Bangladeshi population 
residing in Bangladesh have been determined by Ljung et al. (2010), they analysed urine 




from 388 Bangladeshi women and reported a mean concentration of 2.5 µg/L
 
with a median 
value of 1.6 µg/L. Interestingly, this was similar to Mn level in urine for the male betel quid 
chewers in the current study (2.25 µg/L), but was around 1.5-fold higher than that for the 
female chewers in the current study (1.62 µg/L). The average urinary Mn level in the UK 
Bangladeshi community (chewers and non-chewers combined, 1.04 µg/L) was 3.4-fold 
higher compared to the general UK population (0.3 µg/L) (White and Sabbioni 1998) and 
was also far higher than those reported for other countries, including Germany, USA, Japan 
and Pakistan (Greger et al., 1990; Heitland & Koster, 2006; Ohashi et al., 2006; Afridi et 
al., 2009). Although the higher urinary Mn for population residing in Bangladesh may 
partly arise from Mn in drinking water, this was not the case for UK Bangladeshis where 
the Mn in drinking water is relatively low at < 50 µg/L
 
(FSA, 2002). Thus, the similarity 
between the urinary Mn levels in UK Bangladeshi chewers and Bangladeshi females 
(residing in Bangladesh) (Ljung et al., 2009), can be mainly attributed to Mn intake from 
betel quids.  
 
Manganese intake by Bangladeshi females is of particular concern as Mn can be 
easily transferred from the mother to the foetus via the placenta, and subsequently crossing 
the blood-brain barrier of the underdeveloped brain affecting neurodevelopment (Schetter, 
2001). In this context, it has been reported that children exposed to Mn through drinking 
contaminated water in Bangladesh displayed poor intellectual function (Wasserman et al., 
2004).  
 




Several studies have attributed betel quid consumption with the development of 
different diseases including oral cancer, diabetes, cardiovascular disease etc (Vanwyk et al., 
1993; IARC, 2004). In the UK, Asians have the highest incidence of head and neck cancer 
which has been attributed to smoking and betel quid chewing (Smith et al., 2003). As 
pointed out earlier, chewing betel quids was associated with a higher risk of skin lesions 
(McCarty et al., 2006) and tremor (Hafeman et al., 2006) in populations exposed to high 
levels of arsenic in their drinking water. Unfortunately, these studies linking betel quid 
chewing with certain health impacts in arsenic exposed populations did not analyse betel 
quids. However, a recent study analysed the arsenic content of tobacco used in betel quids 
(Lindberg et al., 2010) and reported that chewing tobacco was associated with a greater risk 
factor for arsenic related skin effects in women compared to men. They suggested that that 
this could be associated with poor metabolism of arsenic in women. However, the current 
study suggests that there may be an alternative explanation since women are known to 
chew a greater number of betel quids per day compared to men. For example, a study 
(Ahmed et al., 2008) on the Bangladeshi population in the UK reported that 52% of the 
women they surveyed chewed 2-5 betel quids per day compared to 35% in men; over 10 
betel quids were chewed by 7% of the women as compared to only 1.5% of men; the study 
reported that the chewing habit was prevalent amongst 64.1% of the females (Ahmed et al., 
2008). Another study from Bangladesh, reported that on average 47% of females and 4% of 
males chew betel quids (Yunus, 2001). They are also exposed to greater quantities of other 
chemicals from tobacco/Zarda, which may adversely affect their health, even though 
smoking is far less common in Bangladeshi women compared to men (Bedi, 1996). 




Lindberg et al. (2010) only focused on arsenic content of tobacco rather than the 
other substances consumed as part of the chewing material such as Piper betel leaves, areca 
nut, lime etc. In the current study, the arsenic content of individual components of betel 
quid was determined and the highest arsenic content in the chewing material was detected 
in Piper betel leaves. Lindberg et al. (2010) found that different brands of Zarda contained 
arsenic between 0.33-0.54 mg/kg (mean 0.45 mg/kg, n=8), which was about two fold 
greater compared to that in cigarettes and bidis. As females consume greater number of 
betel quids, and men are more likely to be smokers, the exposure to arsenic in females is 
likely to be greater since betel quids contain higher arsenic levels. However, the arsenic 
levels in cigarettes and betel quids were relatively low compared to what is derived from 
water and food, therefore it is more likely that the high Mn level present in betel quids, or 
even other chemicals such as arecoline as suggested by Pilsner et al. (2010) is responsible 
for the greater incidence of skin effects seen in chewers, especially females. 
 
The mechanism underlying Mn induced toxicity in people exposed to high levels of 
Mn is poorly understood. However, it has been suggested that Mn plays a role in the 
generation of ROS that may result in neurotoxicity (Ali et al., 1995). More recent studies 
have provided evidence suggesting that oxidative stress induced by Mn exposure can 
trigger apoptosis of neural stem cells (Tamm et al., 2008). In light of these studies, this 
thesis hypothesises that increased Mn exposure through a combination of diet, betel quid 
chewing and drinking water results in oxidative stress and cellular damage that may result 
in Mn induced neurotoxicity in certain sectors of the Bangladeshi population. Simultaneous 




exposure to high levels of both manganese and arsenic may result in increased toxicity 
which may explain the observation of greater tremor and skin lesions in betel quid chewers. 
Although, several studies have reported modulating effect of areca nut in As induced skin 
lesions (McCarty et al., 2006; Pilsner et al., 2009; Lindberg et al., 2010), only Pilsner et al. 
(2009) and Lindberg et al. (2010) attempted to provide an explanation for this observation. 
Pilsner et al. (2009) suggested that ROS generated by arecoline, a key compound in areca 
nut, may be responsible for the higher incidence of tremor and skin lesions in betel quid 
chewers, whereas Lindberg et al. (2010) suggested poorer As metabolism in females rather 
than any particular substance in betel quids. The current study suggests that the inorganic 
(Mn and As) and organic (arecoline) and components of betel quids, are jointly responsible 
for the adverse health outcomes in betel quid chewers who drink contaminated 
groundwater. This needs to be further investigated in the future. 
 
A limitation of the present study is that the number of volunteers for the urinary 
elemental analysis was rather low (37 in total) and that it was only possible to conduct 
studies with UK Bangladeshi population, rather than with participants residing in 
Bangladesh who drink groundwater often contaminated with high levels of toxic elements. 
Furthermore, for Mn the absence of information on Mn bioavailability and bioaccessibility 
from foods and betel quids makes it difficult to obtain an accurate estimation of exposure 
levels and risk assessments. Finally, this thesis assumed that the entire betel quid is 
ingested which is very common amongst the Bangladeshi community. However, this is not 
the case for all individuals as some spit out the juice accumulated in the mouth whilst 




others spit out the fibrous portion of the betel quid after extensive chewing. Thus, the level 
of Mn exposure from betel quid chewing for the latter groups will be lower. Future studies 
needs to address these issues. 
 
Considering the fact that As, Cd, Mn and Pb levels are significant in betel quids, 
possible health impacts associated with increased exposure to these elements in regular 
consumers of betel quids needs to be taken in to account in any public health improvement 
strategies. Millions of people in Bangladesh and India have a diet that is dominated by plant 
based products especially vegetables and rice and their consumption of animal products is 
either very limited due to economic reasons or is entirely absent due to religious and/or 
cultural reasons. This makes them more vulnerable to higher exposure to As, Cd, Mn and 
Pb as these elements are present in higher levels in plant based foods.   
 
This situation can be further worsened by the habit of chewing betel quids which 
can contribute significantly towards exceeding the total permitted daily intake of As, Cd 
and Pb. This may subsequently result in various diseases including adverse neurological 
effects, kidney disease, oral cancer and submucous fibrosis etc.  Although the mechanism 
underlying the disease needs to be investigated, it is possible that the higher incidence of 
skin lesions and other adverse health outcomes in betel chewers in arsenic exposed regions 
may arise due to adverse additive or multiplicative effects, such as oxidative stress, induced 
by exposure to a cocktail of chemicals including As, Cd, Mn and Pb. The additional daily 
burden of exposure to As, Pb, Mn and Cd from betel quids may exacerbate the situation for 




chewers. Although the current study has focused on toxic elements such as As, Cd and Pb, 
it is possible that other inorganic and organic components may play a role and this aspect 
needs to be investigated in the future.   
 
5.5 Conclusion 
This is the first study to evaluate the total content of arsenic in betel quids, analysing each 
of its major components, so that its contribution to the daily intake of arsenic can be 
established. Lime and Piper betel leaves were identified to contain the highest arsenic 
levels and betel quids can provide between 1-6% of the total daily intake of arsenic for 
someone chewing between 6-30 quids per day. Arsenic speciation of betel quids reveal that 
the main species is As
III
 which is the most toxic of the arsenic compound. In addition to 
arsenic, the study in this thesis found significant levels of Cd, Mn and Pb in different 
components of betel quids. The additive or multiplicative adverse effects, such as 
generation of ROS, may result from the simultaneous exposure to As, Cd making chewers 
more vulnerable to ill health. Whilst it cannot be certain that the intake of As, Pb, Cd, Mn 
from betel quids can explain the increased incidence of skin lesions and other adverse 
health outcomes in chewers, the increased exposure may be sufficient to tip the balance 
favouring the development of disease processes.  
 
It is possible that As, Cd, Mn and Pb in synergy with organic substances in betel 
quids may be responsible. Those with a mainly plant based diet, that often contain higher 
levels of As, Cd, Mn and Pb compared to animal products, are at greatest risk if they further 




elevate their exposure to these elements through betel quid chewing. Betel quid chewing is 
most prevalent amongst women who may be unknowingly harming their health and that of 
their unborn babies (for those who are pregnant) through increased exposure to As, Cd, Mn 
and Pb. 
 
Betel quid consumption is concerned, especially those consuming large number of 
quids per day, are at risk of developing ill health and public health policy makers should 
seriously consider implementing policies to reduce or eliminate the consumption of betel 
quids in populations where this practice is prevalent. 








6 EARTH-EATING CAN BE A SIGNIFICANT SOURCE OF 
ARSENIC, LEAD AND OTHER TRACE ELEMENTS 
EXPOSURE IN BANGLADESHI WOMEN 
 
Summary 
Geophagy or earth-eating is common amongst some Bangladeshi women, especially those 
who are pregnant, both in Bangladesh and in the United Kingdom. A large proportion of 
the population in Bangladesh is already exposed to high concentrations of arsenic and other 
toxic elements from drinking contaminated ground water. Additional exposure to arsenic 
from non-food sources have not been adequately addressed and herein is presented the first 
study to monitor arsenic levels in baked clay (known as Sikor), the consumption of which 
can potentially further exacerbate arsenic induced ill health. In the present study, ten Sikor 
samples from Bangladesh were analysed for As, Pb, Cd, Mn, Fe, Se and Zn using ICP-MS. 
Of particular concern was the levels of As (3.8-13.1 mg/kg) and Pb (21-26.7 mg/kg) and 
their possible impact on human health. Modest consumption of 50g of Sikor is equivalent 
to ingesting 370 µg of arsenic and 1235 µg of lead per day (median value used), most 
entirely as carcinogenic inorganic arsenic. Such consumption exceeds the permitted 
maximum tolerable daily intake (PMTDI) of inorganic arsenic by almost 2-fold. The 
potential exposure to arsenic from ingesting 50 g of Sikor is greater than that from drinking 
4.4 litres of arsenic contaminated water (84 µg/L), although research is required to 
determine the bioaccessibility of As from Sikor. It is concluded that Bangladeshi 




population consuming large quantities of Sikor, especially those who are pregnant and are 
at the same time also drinking arsenic contaminated water, are particularly vulnerable to 
developing ill health. 





The deliberate eating of non-food or non-nutritive substances is known as pica (Woywodt 
and Kiss, 2002). Many different types of pica have been described in the literature such as 
ingestion of baby powder, charcoal, calcium hydroxide (lime), ash, uncooked starch and ice 
(Young et al., 2008). Geophagy is the most common type of pica and involves deliberate 
eating of earth such as soil and clay. It is an ancient practice that is still widespread in many 
parts of the world such as in Asia, Africa and South America, North America and parts of 
Europe (Ghorbani, 2008).  
 
Historically, geophagy was practiced in India, China and Persia for many centuries 
and it is still widely practiced in these areas. The practice of eating clay has been common 
in all sectors of the Indian society irrespective of caste and religion (Laufer, 1999). The 
Greeks and Romans were familiar with geophagy; Hippocrates of Kos (ca. 460 - 377 BC) is 
considered to be the first to provide a description of geophagy in his classical textbook 
(Woywodt and Kiss, 2002). Ibn Sina (Avicenna) also discussed in detail geophagy in his 
widely used medical textbook (Woywodt and Kiss, 2002). Also several civilizations have 
used clays for their therapeutic value (Finkelman, 2006). In the 16
th
 century Daud al-Antaki 
from Syria, mentioned the use of clays as a medicine to stop haemorrhaging and diarrhea 
and to treat skin diseases (Lev, 2005).  
 
  The precise reasons underlying the practice of geophagy remains unknown, 
although some suggest consumption for nutritional (Ghorbani, 2008; Yanai, 2009) and 




medicinal purposes (Ferrell, 2008). Geophagy during pregnancy has often recommended as 
a means to increase the intake of some essential elements (especially Ca, Mg, Zn, Fe, Cu, 
Mn, Se). Consumption of clay is also common during times of famine.   
 
In parts of Africa, soil eating is common amongst females, especially children and 
pregnant women; it is a part of their culture and is a widely accepted practice. They 
consume a variety of soil types, which are sold in shops and markets. The prevalence of soil 
eating amongst pregnant women in Kenya, Ghana, Namibia and Tanzania has been 
reported in the literature (Luoba et al., 2004; Vermeer, 1971; Thomson, 1997; Kawai, 
2009). Bangladeshi women residing in Bangladesh (Bangladeshi soil eating, 2008) and also 
in the UK consume baked clay known as Sikor (Middleton, 1989). Although the overall 
prevalence of this habit amongst the Bangladeshi community has not been determined, it is 
known to be mostly practiced by pregnant women. Some have suggested that this practice 
may help them to counter iron deficiency, which can be very common for pregnant women 
especially in the first months of pregnancy. Excess intake of even an essential element can 
result in disease states (Salvador, 2010).  
 
Besides trace elements, soils contain different types of organisms including bacteria 
(such as Escherichia coli, Salmonella and Shigella) and fungi which may cause human 
health problems from earth eating (Ishii, 2010). Several stomach diseases have been related 
to ingestion of soil including stomachaches, acid indigestion, nausea, and diarrhea. Both 
toxoplasma and hookworm infection from soil eating have been reported (Hough, 2007; 




Brand and Ekosse, 2009). Recent studies have suggested that geophagy may be associated 
with an increased risk of developing anemia (Thomson, 1997; Kawai, 2009; Young, 2010). 
The practice of geophagy amongst the Bangladeshi and West Bengal (India) population is 
of particular concern, as people from these regions are already exposed to high levels of 
arsenic from drinking contaminated groundwater and rice consumption (Kile et al., 2007). 
With respect to toxic elements, especially arsenic, the practice of geophagy amongst the 
Bangladeshi and West Bengal (India) population is particularly worrying as people from 
these regions are already exposed to high levels of arsenic from drinking contaminated 
groundwater and rice consumption. Despite the high vulnerability of pregnant women and 
their unborn babies to this practice, the toxic element intake through geophagy and 
associated potential adverse health implications has not been explored. The exposure to 
arsenic through drinking water has been linked to the development of various diseases 
including hyperkeratosis and skin lesions and millions are at risk of developing cancer 
(Zablotska et al., 2008).  
 
The presence of high levels of other elements such as Pb, Cd and Mn in drinking 
water can act in synergy with arsenic in an additive or multiplicative manner to increase the 
negative health impact. These elements can increase the generation of reactive oxygen 
species (ROS) which may induce harmful effects at the cellular and organ level 
(Beyersmann and Hartwig, 2008). A further increase in the intake of these elements 
through non-food sources, especially the practice of Sikor consumption, has not been 
addressed although they may be a contributory factor in exacerbating diverse disease 




processes. However, exposure of Bangladeshi pregnant women and unborn babies to toxic 
elements through drinking water, atmospheric pollution and diet has been reported by 
various workers. For example, Kile et al. (2008) measured the maternal and umbilical cord 
blood levels of arsenic, cadmium, manganese, and lead in rural Bangladesh and reported 
that exposure to mixtures of these elements is widespread amongst pregnant women. 
 
As yet no study has been reported in the literature that investigated arsenic content 
in Sikor from Bangladesh although it has been reported that some women may consume as 
much as 50 to 60g of Sikor per day (Abrahams et al., 2006). Although exposure to arsenic 
from accidental ingestion of soil by children and adults have been extensively studied for 
various populations (Ljung et al., 2006; Kaiser et al., 2001; Chiang et al., 2008; Shivoga 
and Moturi, 2009) no work has previously investigated this in relation to geophagy or 
accidental soil ingestion in Bangladesh or West Bengal (India) even though this is 
particularly vital for these regions as they are already exposed to high levels of arsenic. 
Only one previous study (Abrahams et al., 2006) determined the content of trace elements 
in Sikor from Bangladesh, which focused primarily on Pb and did not present any data for 
arsenic.  
 
The aim of this Chapter was to determine the content of arsenic in Sikor and 
estimate if the intake levels could be high enough to be a risk to human health and if the 
exposure from this source can further exacerbate the arsenic induced ill health in exposed 
populations in Bangladesh. The arsenic intake is already very high in Bangladeshi diet 




(both in the UK and especially in Bangladesh) and additional intake from Sikor may 
explain the observation of greater arsenic-induced ill health. Also in the present study, 
arsenic speciation of Sikor samples was studied. Besides arsenic, the levels of Pb, Cd and 
Mn in Sikor samples from Bangladesh were determined, and the PMTDIs for the elements 
were estimated and potential health risks discussed. 
 
6.2 Materials and Methods 
6.2.1 Sample collection 
Eight bags of Sikor imported from Bangladesh, openly sold in ethnic Bangladeshi shops in 
the United Kingdom, were purchased from two cities (Birmingham and Leicester) and one 
town (Luton) during January to April 2010. These bags contain 250 g of Sikor as small 
tablets, the weight of these tables (see Figure 6-1) ranged between 12.3-18.5 g with the 
mean of 15 g. 
6.2.2 Sample preparations 
All glassware and plastic were cleaned by soaking them in 10% HNO3 for least 12 hours 
and then rinsed several times with double distilled water. Sikor samples were ground and 
dried in an oven at 80 
o
C overnight.  
6.2.3 Samples digestion 
See section (2.2.3.4.) in methododlogy chapter.  
 
 






Figure 6.1: Typical example of Sikor tablets from Bangladesh purchased from shops in the 
United Kingdom.  Shikor Mati can be translated as Sikor Earth. 
 
6.2.4 Sample extraction 
See section (2.2.7.2.) in methodology chapter. 





6.2.5.1 Total As and other elements analysis 
6.2.5.1.1 Using ICP-MS instrument  
Elements in the digested Sikor samples were determined by inductively coupled plasma 
mass spectrometry (ICP-MS) (see section 2.2.4.2.). For Sikor extracted samples, the arsenic 
concentrations were determined using an Agilent 7500 ICP-MS (Agilent Technologies, 
UK) (see section 2.2.7.3.).  
6.2.5.1.2 Using XRFS instrument 
See Chapter 2. 
6.2.5.2 Arsenic speciation analysis 
For arsenic speciation analysis, HPLC pump (GP50-2 pump, Dionex, USA) was coupled 
with ICP-MS (Agilent Technologies, UK) was used (see section 2.2.7.3.).    
6.2.6 Methodology for risk estimation 
The Joint FAO/WHO Expert Committee on Food Additives (JECFA), (FSA, 2009) method 
was used to determine the PMTDIs of toxic elements from baked clay. The unit used for 
this scale is mg of element per day. The average adult body weight of the Bangladeshi 
women was taken to be 60 kg (FSA, 2009). 
6.2.7 Quality control and standard reference material 
Sample masses were measured to an accuracy of ± 0.1 mg. Trace elements concentrations 
obtained by ICP-MS technique were evaluated by the use of certified reference materials 




and were found to be in good agreement with the certified values of the references material. 
The analytical procedure and the reliability of the digestion process were validated by 
analysis with each measurement blank, soil reference material (Montana I 2710a) was used, 
the average recovery of trace elements from the reference material ranged from 75 and 
101% of the certified values (Table 6-1). However, soil reference material (BCSS-1) was 
used for measuring arsenic in both extracted solutions and separated arsenic species. 
 
 
Table 6-1: Selected certified mean values for Montana I (2710a) soil reference material, 
and the mean concentrations (mg/kg) determined from this sample following aqua regia 
digestion. 
 
Element As Cd Fe Mn Pb Zn 
Certified soil (SRM) 






































Typical Sikor samples, originating from Bangladesh, and sold in ethnic shops in the UK are 
shown in Figure 6-1. Concentrations of elements in Sikor purchased from shops in 
Leicester, Birmingham and Luton (UK) are given in Table 6-2, for three toxic elements 
(As, Pb, Cd) and for three relatively non-toxic essential elements (Fe, Mn, Zn). The 
increasing order of these elements (Cd<As<Pb<Mn<Zn<Fe) was the same regardless of 
whether mean, median or maximum concentration was applied as a criterion.   
 
 
Table 6-2: Concentrations (mg/kg unless otherwise indicated) of As, Cd, Fe, Mn, Pb and 












































Number of samples (n) = 10. All the data presented were obtained for duplicate samples. SD: standard 
deviation.  
 
Major compounds and trace elements in five Sikor samples were analysed using X-
Ray Fluorescence Spectroscopy (XRFS). Table 6-3 shows the different compounds and 
trace elements in Sikor samples detected using this technique. Elements contents (mean 




value) were 5, < 0.5, 36, <3.0 and 76 mg/kg for As, Cd, Pb, Se and Zn, respectively (Table 
6-3). However, Fe2O3 and Mn3O4 content in Sikor were 6.21% (62.1 g/kg) and < 0.01% (< 
100 mg/kg), respectively. These data are agreement with the ICP-MS data (Table 6-2). 
Content of arsenic in clay from Bangladesh has been reported to vary from 3.525 to 
6.639 mg/kg (Chowdhury et al., 2003). In another study, clayey sediments from 
Bangladesh have been investigated and concentrations of As, Pb and Zn in the clay were 
measured, the concentrations of these elements were ranged 4-18, 13-32 and 35-111 mg/kg 
for As, Pb and Zn, respectively (Yamazaki et al., 2003). However, in the Bengal Delta in 
India, the arsenic content in clay ranged between 4-10 mg/kg (Sengupta et al., 2004). These 
results are not too different from what was found in the analysis of Sikor samples in the 
current study.  
 






Mean ± SD 
 
Range 












56.3 ± 0.9 
23.9 ± 0.5 
6.2 ± 1 
< 0.01 
 
5 ± 1 
< 0.5 
36 ± 3 
< 3.0 
76 ± 5 
 
55 – 57 
23 – 24 
5.3 – 7.6 
< 0.01 
 
3 – 6 
< 0.5 
33 – 40 
< 3.0 
72 - 85 
 




Speciation of arsenic from Sikor samples by HPLC-ICP-MS showed that the main 
species was inorganic arsenic (As
V
) at up to 100% of the total extractable arsenic (Table 6-
4, Figure 6-2). The recoveries for arsenic extraction from Sikor samples ranged from 31 to 
37%; it is not uncommon for low recoveries in soil samples (Gallardo et al, 2002, 
Georgiadis et al., 2006; Ellwood et al. 2003). In the current study, H3PO4 (1M) and four 
hours contact time was employed, which is widely used for soil and clay extraction. Similar 
results (48% recovery) were obtained in a previous study (Giacomino et al., 2009) for 
arsenic speciation in soil where H3PO4 (1.6M) and six hours contact time was used for 
extraction. However, other studies (Watts et al., 2008; Alam et al., 2007) have found that 
percentage extraction can reach up to 97% using H3PO4. The low recovery in the present 
study could be due to the nature of the material such as the high Fe content. It is possible 
that Fe binds arsenic strongly, preventing its release under the conditions used for the 
extraction. Previous study reported that different exchangeable phases can play important 
factors for the low solubility of arsenic from soils such as bound to carbonates, bound to 
Fe-Mn oxide and bound to insoluble organics and sulphides phases (Carbonell-Barrachina 

















Table 6-4: Determination of arsenic in Sikor samples. 
 
































































Figure 6.2: Chromatogram of arsenic speciation in Sikor sample using HPLC-ICP-MS, the 








Abraham et al. (2006) reported that Sikor, equivalent to 3–4 tablets of their 
Birmingham sample (i.e. ca. 48.6–64.8 g), can be consumed per day by the pregnant 
Bangladeshi women. Similar levels of soil ingestion were reported for pregnant Kenyan 
women, with a median daily intake of 41.5 g from soil sample (Geissler et al., 1998). In 
light of these studies, in the current study 50 g of Sikor consumption per day was selected 
as a modest for the estimation of the PMTDI of different elements. Figure 6-3 presents 
daily arsenic intake for different amount of Sikor consume per day, minimum, median and 
maximum arsenic contents were used in the figure 6-3. It is clear that consumption of one 
tablet of Sikor (about 15 g) can be covered the PMTDI of arsenic (median value).  
 
 
Figure 6.3: Daily aresnic intake from Sikor consumption using minimum, median and 
maximum of arsenic content in the Sikor. 
 
 




Table 6-5 presents the estimation of the PMTDI of As, Cd, Mn and Pb through 
ingestion of 50 g of Sikor; arsenic content was 370 µg (median value used) in this quantity 
of Sikor. The data (in this thesis) shows that ingestion of 50 g of Sikor can exceed the 
PMTDI for arsenic by almost 2-fold and for Pb by almost 5-fold. For both Cd and Mn, 
consumption of this amount of Sikor contributed only a proportion of the PMTDI: 28.3 and 
13.4% of the PMTDI for Cd and Mn, respectively. 
 
Table 6-5: Percentage of PMTDI for different elements (median values were used) 
associated with consumption of Sikor (asumming 50 g of  Sikor per day). 
 






Percentage of PMTDI 


























 The numerical values shown are the tolerable daily intake for a 60 kg person derived from PMTDIs 
recommended by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) (FSA, 2009). 
 
 





High human exposure to arsenic through drinking water in Bangladesh and West Bengal 
(India) is well known. The practice of earth-eating is also prevalent in these regions. It is 
therefore surprising that there are no published reports of the level of arsenic intake from 
this non-food material for people from these regions, despite many studies focusing on 
arsenic intake from water and rice. Geophagy is especially common amongst pregnant 
women and their resultant increased exposure to arsenic may not only be harmful to 
themselves but also to their unborn babies. Such concern prompted this study to analyse 
Sikor samples imported from Bangladesh to assess the potential dangers of elevated 
exposure to arsenic. Not surprisingly, the content of arsenic is high and eating 50 g of Sikor 
(this corresponds to approximately three tablets, see Figure 6-1) is equivalent to consuming 
4.2 litres of arsenic contaminated water containing 84 µg/L (Frisbie et al., 2009) of arsenic 
(the Bangladeshi average for arsenic, exceeding the WHO standard of 10 µg/L) (WHO, 
2001).  
In this thesis, speciation analysis revealed that Sikor consists primarily of inorganic 
arsenic. The relatively modest level of daily Sikor consumption alone (excluding arsenic 
intake from water and foods) exceeds the PMTDI for inorganic arsenic by almost 1.9-fold. 
This finding has relevance not only to the arsenic exposed population in Bangladesh whose 
total daily arsenic intake from all sources can exceed PMTDI by 4-fold, but also to Sikor 
consumers in the UK who do not normally exceed PMTDI for inorganic arsenic. Pregnant 
women are of particular concern in this context since arsenic, lead (Rudge et al., 2009), 




cadmium (Sorkun et al., 2007), and manganese (Rossipal et al., 2000) can transfer from the 
mother to the foetus, placing the health of the unborn baby at risk.  Research is required to 
determine the bioaccessibility of arsenic within Sikor; due to its complex mineral 
composition not all the arsenic is likely to be bioaccessible. A previous in vitro study has 
shown that the bioaccessibilities of arsenic and cadmium from soils were higher than those 
for Fe, Mn and Pb; the mean percentages range was 9.7-28.7 and 12.9-27.2% for As and 
Cd, respectively (Ljung et al., 2007). Recently, another study has shown that 17- 46.9% of 
arsenic from soil is bioaccessible with a mean of 27.3% (Girouard and Zagury, 2009). If 
27.3% of the arsenic from Sikor is bioaccessible, it could adversely influence the health of 
people already overexposed to high levels of this element from multiple sources; the 
present study estimates that 50 g of Sikor consumption would lead to 101 µg of 
bioaccessible inorganic arsenic (equivalent 80% of the PMTDI).  
 
 
Adverse health effects associated with consumption of non-food substances, such as 
chewing tobacco, has been reported including greater skin lesions in some women which 
have been attributed to their lower ability to metabolise As (Lindberg et al., 2008). In light 
of such findings, even moderate Sikor consumption (15 g or one piece per day) amongst 
Bangladeshi women can significantly contribute in further increasing their PMTDI for 
aresnic which can further exacerbate arsenic-induced ill health such as higher prevalence of 
skin lesions amongst some women.  
 




Abrahams et al. (2006) determined some elements in Sikor from Bangladesh 
including Fe, Mn, Pb and Zn but not As and Cd. The latter study found the mean 
concentrations of Fe, Mn, Pb and Zn in the Sikor from Birmingham were 58800, 69, 80 and 
38 mg/kg, respectively. The values for Pb are higher compared with the current study 
results (21-26.7 mg/kg), however, the current study reference material gave 101% recovery 
of Pb, whereas, the results for Abrahams et al. (2006) showed more than 264% recovery for 
Pb. Thus the difference between the current study and that of Abrahams et al. could be due 
to differences in the recovery of Pb after the digestion procedures used by the two studies. 
It is possible, that the elevated recovery (264%) may result in an overestimation of the Pb 
content by Abrahams et al. (2006). In this context, it is noteworthy that the Pb content 
determined in the current study is within the range previously reported for Bangladeshi clay 
by other workers 13-32 mg/kg (Yamazaki et al., 2003). In any case, both studies reveal 
high Pb content in Sikor samples which is a health concern for the consumers of this 
material. Exposure to elevated levels of Pb has been associated with various diseases 
including lung cancer (Laurer et al., 1993), immunotoxicity (Mishra, 2009) and 
neurotoxicity (Verstraeten, 2008). Due to increased industrialization and use of Pb based 
fuels and chemicals, exposure to Pb in Bangladesh is becoming a significant problem and 
elevated blood Pb levels were detected in primary school children in Dhaka (Bangladesh) 
(Kaiser et al., 2001). From the current study, the PMTDI of Pb can exceeded by 6-fold 
through ingestion of 50 g of Sikor per day. Such a high level of exposure can present health 
problem to all women and pregnant women are also at risk of harming their unborn child. 




Various diseases including neurological effects, skin disease, kidney disease, lungs cancer, 
immunotoxicity (Mishra, 2009) etc may arise from consumption of Sikor.   
 
 Recently, Kippler et al. (2009) reported the effect of Cd on human health in 
Bangladesh. They found higher Cd levels in breast milk in Bangladeshi women. Similarly, 
Kile et al. (2009) also found high levels of Cd in maternal and umbilical cord blood from 
rural Bangladeshi women. The quantity of Cd detected in 50 g of the Sikor samples 
analysed in the current study is quite high (28.3% of the PMTDI) and if one takes in to 
account the consumption of leafy vegetables which also contain high levels of Cd, the 
danger from excess exposure to Cd is obvious. For women living in rural Bangladesh, the 
daily calorie intake is dominated by vegetables and rice since animal products, which have 
lower Cd content, are often beyond their reach due to high costs.  Moderate intake of fish is 
the main animal based product in the diet of many Bangladeshis who cannot readily afford 
to purchase poultry and meat. Thus a diet already rich in Cd, due to high rice and vegetable 
intake, is further worsened by the consumption of Sikor. In addition, the authors have 
recently found that betel quid chewing can be an additional source of Cd exposure in 
Bangladeshi women (Al-Rmalli et al., 2011). In light of these studies, it is plausible to state 
that some of the excess Cd detected in the breast milk Bangladeshi women may come from 
the consumption of non-food materials such as Sikor.  
Very little data is available on the prevalence of Sikor consumption amongst 
Bangladeshi women in Bangladesh and in the UK. Due to the stigma associated with the 
practice, many women are too ashamed to admit that they consume Sikor. This makes it 




difficult to determine the prevalence of this habit and its potential impact on human health. 
However, the commercial availability of Sikor in both the UK and Bangladesh clearly 
indicates there is a demand for the substance in both countries, although it is not possible to 
translate this information into number of consumers. The fact that pregnant women 
consume Sikor in large quantities has been recently highlighted by a gynecologist working 
in a Bangladeshi hospital (Bangladesh soil eating, 2008). In parts of Africa earth-eating is 
openly practiced and is an acceptable social habit and, consequently, the scientific research 
on earth-eating in African women is much more extensive compared to Bangladesh and 
India. Its prevalence among pregnant women ranged from 65% in Kenya, 46% in Ghana, 
42% in Namibia, to 29% in Tanzania (Luoba et al., 2004; Vermeer, 1971; Thomson, 1997; 
Kawai, 2009). 
 
Previously it has been reported that the major minerals in Sikor from Bangladesh 
are kaolin, illite and quartz. It was found to be very low in organic C (0.8%) and is 
essentially salt free (Abrahams et al., 2006). Sikor is considered to be a source of nutrients 
due to its high concentrations of essential elements. The current study reveals that the level 
of the essential elements (Fe, Zn and Mn) can either contribute towards the recommended 
daily intake of these elements or can result in an excess intake for those with already high 
intake of Fe, Mn and Zn. However, at the same time the current study shows that it may 
also be  harmful to human health due to the presence of toxic elements namely As, Pb and 
Cd. Thus depending on the nutrient status of the consumer, ill health can result from either 
exposure to toxic elements and/or overexposure to essential elements from ingestion of 




Sikor. How Sikor consumption can influence the uptake of different elements (essential or 
toxic) in vivo needs to be determined to determine its impact on human nutrition and 
health.  
 
The current study has shown that Sikor can be a good source of essential elements 
such as Fe, Zn and Mn but at the same time it can also provide potentially toxic doses of As 
and Pb. Just consuming 50 g of Bangladeshi Sikor per day can result in exceeding the 
PMTDI for As and Pb by 3 and 6-fold, respectively. This is potentially harmful to 
consumers in the United Kingdom who can purchase this material from ethnic shops with a 
sizeable Bangladeshi community. In the UK, the Bangladeshi community have a diet which 
is very similar to their country of origin and consume foods imported from Bangladesh 
(Smith et al., 2003). The situation is likely to be far worse for Sikor consumers in 
Bangladesh, especially those who are already exceeding their daily intake of arsenic from 
consumption of contaminated water and foods such as rice. Furthermore, presence of 
microbes in the Sikor samples could be an additional health risk that requires further 
investigation. 
 
The present study postulates that women displaying higher prevalence of arsenic-
induced ill health in Bangladesh may well be those who are further elevating their arsenic 
exposure through consumption of Sikor. This needs to be urgently investigated and public 
health policy makers need to act urgently to discourage the practice of eating Sikor in both 
UK and Bangladesh, and indeed other communities elsewhere. Although the mechanism 




underlying the toxic trace-element induces ill health needs to be investigated, it is possible 
that the higher incidence of skin lesions and other adverse health outcomes in women, 
especially pregnant women, in arsenic exposed regions, may arise due to adverse additive 
or multiplicative effects, such as oxidative stress, induced by exposure to a mixture of 
elements present in Sikor including As, Cd and Pb. The current study recommends that 
these women are advised to reduce or stop consuming non-food substances such as Sikor 
and betel quid and spend the money saved on having a balanced diet that also includes 
animal products and thereby reducing their intake of Cd from plant based foods.   
  
6.5 Conclusion 
Exposure to arsenic from baked clay, known as Sikor, has not been previously considered 
despite the fact many women in these regions (Bangladesh and India) consume it on a daily 
basis. This study reveals for the first time that baked clay can be an additional source of 
arsenic exposure in women which can be particularly serious, especially for women who 
are already exposed to high levels of arsenic through drinking water and food consumption. 
This increased exposure may explain higher prevalence of arsenic-induced skin lesions in 
some Bangladeshi women. This thesis also showed that the content Cd in this material is 
very high and may explain previous studies that reported high levels of Cd in the blood, 
urine and breast milk of Bangladeshi women. Since Sikor is consumed more often and in 
higher quantities during pregnancy, by Bangladeshi women both in Bangladesh and in the 
UK, the potential adverse health and developmental effects to the unborn baby is of 
particular concern.  





Arsenic, cadmium, manganese and lead can generate reactive oxygen species in 
biological systems which can adversely affect the cells and organs in the mother and the 
foetus. Since the PMTDI of As and Pb, can be exceeded by 2- to 5-fold by just ingesting 50 
g of Sikor per day, consumers in the UK and Bangladesh are in danger of unknowingly 
harming their health. This thesis recommends that those responsible for public health act to 
reduce or eliminate the consumption of baked clay in populations where this practice is 
prevalent. Consumers should be provided with the choice of purchasing Sikor that do not 
have the elevated levels of As, Cd, Mn and Pb that the current study found in samples 
imported into the UK from Bangladesh and sold in local ethnic markets. Meanwhile, more 
studies needs to be carried to evaluate arsenic exposure from Sikor consumption in 
Bangladeshi and Indian women, including the bioaccessibility of arsenic and other elements 
from Sikor. 




7 TOTAL DAILY INTAKES OF ARSENIC AND OTHER 
TRACE ELEMENTS IN BANGLADESHI POPULATION 
 
7.1 Introduction 
Exposure to arsenic through drinking water has been linked to the development of various 
diseases including hyperkeratosis and skin lesions and millions are at risk of developing 
cancer in Bangladesh (Hafeman et al., 2006). Use of arsenic rich groundwater for irrigation 
of crops is adding to this problem as high levels of arsenic has been detected in rice and 
vegetables grown in Bangladesh (Alam et al., 2003, Duxbury et al., 2003, Kile et al., 2007; 
Al-Rmalli et al., 2005; Meharg et al., 2009). The arsenic crisis in Bangladesh is well 
known, especially inorganic arsenic consumption from water. However, intake of arsenic 
and other toxic elements from foods may be a contributory factor in the development of 
disease that requires further investigation.   
 
Intake of toxic elements such as As, Cd and Pb from foods  can cause potential risk 
to human health due to the transfer of toxic elements into the food chain (Freitas et al., 
2008). It has been reported that As, Cd and Pb can increase the generation of reactive 
oxygen species (ROS) which may have harmful effects at the cellular and organ level 
(Beyersmann and Hartwing, 2008). The fact that intake of arsenic and other toxic elements 
from the food chain is a risk for human health is well established (Freitas et al., 2008; Jarup 
et al., 1998; Mishra, 2009). 




Bangladeshi populations in Bangladesh and those residing in the UK have some 
similarities in their diet, since many Bangladeshi foods including vegetables and fish are 
imported into the UK and are widely consumed by the UK Bangladeshis (Kassam-Khamis 
et al., 2000). Certain diseases including cancers and diabetes have been linked to exposure 
to toxic elements (Bernard, 2008; Gunter et al., 2006; Hafeman et al., 2006; Haque et al., 
2003). UK Bangladeshis have a high prevalence of diabetes compared with other UK 
communities (Cascio et al., 2011).   
 
Manganese is an essential element for human health; however, exposure to high 
levels of Mn can induce neurological effects such as manganism, which is characterised by 
movement disturbances similar to that observed in Parkinson‘s disease (Lucchini et al., 
2009). Mn can accumulate at the cellular level in mitochondria, where it disrupts oxidative 
phosphorylation and increases the generation of ROS (Gunter et al., 2006). Mn exposure 
from drinking water for Bangladeshi women has been reported by Ljung et al. (2009). The 
recommended dietary allowance (RDA) for Mn was estimated by WHO to be 2.3 and 1.8 
mg per day for male and female, respectively (FSA, 2009). Unlike arsenic, the source of 
additional Mn exposure through food consumption has not as yet been addressed for the 
Bangladeshi population.  
 
Selenium and Zinc are essential elements that have many functions in the human 
body. It has been reported that Se has preventive potency against Keshan disease (Li et al., 
2007) and it has important antioxidant activities (Shen et al., 2011). It may protect the body 




against arsenic toxicity (Sunde and Hoekstra, 1980; Pilsner et al., 2011). Another study 
reported that Se can have positive role in the immune system functions (Larsen, 1993). The 
RDA for Se was estimated to be 55 µg per day for women and 70 µg per day for men (it 
depends on the body weight) (Committee on Dietary Allowances, 1989). However, the 
maximum daily intake of Se was estimated to be 5 µg/kg.bw.day (FSA, 2009). The 
maximum daily intake of Zn was estimated to be 300 - 1000 µg/kg.bw.day (FSA, 2009). 
 
Cadmium is a toxic element, and human exposure to high levels of Cd can result in 
the development of various diseases. It can disrupt a number of biological processes in 
human organs such as in the kidneys and the lungs (Bernard, 2008). Certain populations are 
exposed to high levels of Cd. For example, Cd concentrations in breast milk of Bangladeshi 
women have been shown to be the highest (median 0.14 µg/L) compared to other countries 
(below 0.1 µg/L) (Kippler et al., 2009). These researchers also found high Cd exposure 
among children in rural Bangladesh (Kippler et al., 2010). The precise reason for the high 
Cd levels remains unknown although intake from food is considered to play an important 
role. Total daily intakes have been estimated for a number of countries. For example, the 
TDI was reported to be 14 (Ysart et al., 1999) and 9.45 µg Cd per day (Alam et al., 2003) 
for UK and the Samata region of Bangladesh, respectively. Lead is another highly toxic 
element, exposure to elevated levels of Pb has been associated with various toxic effects 
including lung cancer (De Palma et al., 2008), immunotoxicity (Mishre, 2009) and 
neurotoxicity (Verstraeten et al., 2008). Due to increased industrialisation and use of Pb 
based fuels and chemicals, exposure to  Pb in Bangladesh is becoming a significant 




problem and elevated blood Pb levels were detected in  primary school children  in Dhaka 
(Bangladesh) (Kaiser et al., 2001). The TDI of Pb was estimated to be 24 µg/day for UK 
(Ysart et al., 1999). 
 
Dietary exposure to these elements (essential and toxic) has been used to assess risk 
from food consumption, and then compared with recommended safe levels. Different scales 
are used for risk assessment, such as the Provisional Tolerable daily intakes (PMTDIs) 
(µg/kg.bw.day) or the Provisional Tolerable Weekly Intakes (PTWIs) (µg/kg.bw.week), 
both set by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) (FSA, 
2009). These scales are used by JECFA in identifying tolerable intakes of foods and non-
foods (FSA, 2009). Recently the United States Environmental Protection Agency (USEPA) 
has provided another scale for risk assessment, the Target Hazard Quotients (THQ), which 
is based on non-carcinogenic effects and is an important method of health risk assessment 
(USEPA, 2000). 
 
The aims of this Chapter are as follows: 
a) To estimate the total daily intakes of As, Cd, Pb, Mn, Se and Zn for 
Bangladeshi populations.  
b) To determine the risk assessment for the Bangladeshi population by 
estimating the PMTDIs and THQs for these elements.  
c) To correlate the TDI, PMTDI and THQs for the Bangladeshi population in 
relation to the prevalence of different diseases. 
 




7.2 Materials and Methods 
7.2.1 Sample collection 
Different types of foods (such as rice, vegetables and fish) and non-foods (betel quid 
components and baked clay) that are widely consumed in Bangladesh were purchased from 
UK based ethnic shops in the cities of Leicester, Birmingham, London and Luton. Products 
analysed in this study were mainly of Bangladeshi origin and are popular with Bangladeshi 
communities living in the UK and in Bangladesh.   
7.2.2 Sample preparations 
All food and non-food samples were treated as described in Chapters 4, 5 and 6. Elements 
in these samples were then determined by ICP-MS, as described in Chapter 2.  
 
7.2.3 Methodology for risk estimation 
7.2.3.1 Calculation of Total Daily Intake (TDI) 
Total daily intake of each of the trace element was calculated by adding the concentration 
(mg or µg) of that element present in all the different types of foods and drinking water that 
is consumed per day. The TDI will therefore depend on the concentrations of these 
elements present in foods and/or water and quantities consumed. 
7.2.3.2 Calculation of toxic:essential trace element ratio 
In this study, a Food Toxicity Scale (FTS) for risk assessment of food consumption has 
been developed which can be a useful tool for identifying foods that have low toxic 




element and high essential element levels. In this scale, the ratio of toxic element (such as 
As, Cd, Pb) to essential element (such as Se and Zn) for each individual food (rice, 
vegetables, fish etc) were calculated. The equation utilises (see below) three important 
factors that provides information regarding the relationship between the content of toxic 
element present in a food versus the content of essential elements. The three factors used 
are as follows: 
(i) The concentration of the toxic element in the food under study. 
(ii) The toxic element: essential element ratio in the particular food under study (ratio 
factor). 
(iii) The quantity of the particular food consumed per day (kg per day).  
 






where FTS is the food toxicity scale; ToxE is concentration of toxic element; EE is 









Also FTS can describe as follows: 
 
 
where TDI is the total daily intake of toxic element and ratio factor is the ratio of 
the toxic element: essential element(s). 
   
An worked example calculating the toxicity associated with two different types of 
rice (one with a low As level and one with a high As level but both having the same level 
of the essential elements Se and Zn) is given below: 







(i) Rice Containing [As] = 20 µg/kg, [Se] = 100 µg/kg, [Zn] = 10000 µg/kg, and 0.5 









(ii) Rice Containing [As] = 200 µg/kg, [Se] = 100 µg/kg, [Zn] = 10000 µg/kg and 0.5 




In this thesis, the FTS for different Bangladeshi foods were calculated in order to 
identify the foods that are likely to be more harmful to human health. 
 
The equation has the advantage of being applied to determine the toxic effects of 
more than one element in a particular food. Thus for example, for the cumulative toxicity 




(i) Rice Containing [As] = 20 µg/kg; [Cd] = 20 µg/kg; [Pb] =20 µg/kg; [Se ] = 100 
µg/kg, [Zn] = 10000 µg/kg and 0.5 kg of rice consumed per day.  
 







(ii) Rice Containing [As] = 200 µg/kg; [Cd] = 50 µg/kg; [Pb] = 100 µg/kg; [Se] = 100 
µg/kg, [Zn] = 10000 µg/kg and 0.5 kg of rice consumed per day. 
 
 
7.2.3.3 Calculation of PMTDIs and THQs scales 
The percentage Provisional Maximum Tolerable Daily Intake (PMTDI%) estimates the 
maximum daily intake of toxic elements from individual food or more than one type of 
food, and the unit that is used for this scale is mg or µg of element per day. Recently the 
United States Environmental Protection Agency (USEPA) has provided another scale for 
risk assessment, the Target Hazard Quotients (THQ) (see chapter 2, section 2.2.8).  
 





Concentrations of As, Cd, Pb, Mn, Se and Zn in rice, fish, vegetables and non-foods (betel 
quid and baked clay) imported from Bangladesh and sold in the UK markets were 
determined. The data are presented as mean, minimum, maximum and median levels 
(Chapters 4, 5 and 6). Mean concentrations of these elements present in foods and non-
foods were used for calculating the total daily intakes for the Bangladeshi population 
residing in Bangladesh based on the FFQ data of Zablotska et al. (2008). The PMTDIs and 
THQs for these elements were estimated.  
7.3.1 Total daily intakes (TDIs) of As, Se and Mn 
Tables 7-1, 7-2 and 7-3 show TDIs of As, Se and Mn around the world. Table 7-5 shows 
daily intakes of these elements from all foods and non-foods (including drinking water) 
were 301, 90.36 and 18724 µg/day, respectively. Table 7-4 presents the estimation of daily 
intakes of As, Se and Mn from consumption of two important Bangladeshi foods, fish 
(31.76, 35.21 and 141.0 µg/day, respectively) and rice (34.32, 27.40 and 5465 µg/day, 
respectively). The highest daily arsenic intake in Bangladesh comes from drinking water 
(226.8 µg/day).  However, very low Se and Zn level (<3.0 and <1.0 µg/L, respectively) in 
Bangladeshi groundwater has been reported (Frisbie et al., 2002). The daily intake of Se 
from drinking water was 2.7 µg/day (Frisbie et al., 2002). From the current study, beans 
and lentils have been found to contribute significantly to the daily intake of Se (3.86 
µg/day). In contrast to Se, the daily intake of Mn from drinking water in Bangladesh is very 
high [estimated to be 2,160 µg/day
 
(Frisbie et al., 2008)]. In the current study, high daily 
Mn intake (4,160 µg/day) can be derived from drinking tea infusion. 





Table 7-1: Estimation of daily dietary intake of As around the world. 
 




Bangladesh,   Food 
Bangladesh,   Foods + water                      
Bangladesh,   Only vegetables 
Bangladesh,    Foods 
Bangladesh,    Foods + water 
Canada 
Croatia 







Mexico,  in summer 
























6.9 (0.6 – 98) 
801 
182 (27 – 376) 








105 – 406 
287 (68.2 – 564) 







Woidich and Pfannhauser (1977) 
Kile et al. (2007) 
Ohno et al. (2007) 
Karim et al. (2008) 
This study 
This study 
Debeka et al. (1993) 
Sapunar-Postruznik et al. (1996) 
Larsen et al. (2002) 
Leblanc et al. (2000) 
Wilhelm et al. (2003) 
Roychowdhury et al. (2003) 
Mohri et al. (1990) 
Tsuada et al. (1995) 
Lee et al. (2005) 
Del Razo et al. (2002) 
Del Razo et al. (2002) 
Arain et al. (2009) 
Delgado-Andrade et al. (2003) 
Matos-Reyes et al.(2001) 
Jorhem et al. (1998) 
Tupwongse et al. (2007) 
Ruangwises and Saipan (2009) 
MAFF, (1998) 
Ysart et al. (1999) 
FSA, (2000) 
FSA, (2009) 
Scalon et al. (1999) 
Egan et al. (2002) 
Cleland et al. (2009) 
Total daily intakes of As for different countries around the world and compared with estimation of daily 










Table 7-2: Estimation of daily dietary intake of Se around the world. 
 










Finland, before use Se fertilizer 


























57 - 87 
90.4 
28 - 61 
28 – 37 
98–224 
3 - 11 
48 
25 





104 – 199 
118 
13 – 44 
100 









44.1 - 91 
30 
34 
29 – 39 
34 
48 - 58 
110 – 126 
60 - 160 
Fardy et al. (1989) 
This study 
Robberecht et al. (1994) 
Maihara et al. (2004) 
Gissel-Nielsen (1998) 
Dumont et al. (2006) 
Larsen et al. (2002) 
Aro et al. (1995) 
Anttolainen et al. (1996) 
Pappa et al. (2006) 
Mahalingam et al. (1997) 
Murphy et al. (2002) 
Allegrini et al. (1985) 
Miyazaki et al. (2001) 
Miyazaki et al. (2004) 
El-Ghawi et al. (2005) 
Golubkina et al. (1992) 
Valentine et al. (1994) 
Moser et al. (1988) 
Foster and Sumar (1997) 
Meltzer et al. (1992) 
MacPherson et al. (1997) 
Díaz-Alarcon et al.(1996a) 
Matos-Reyes et al. (2010) 
Dumont et al. (2006) 
Dumont et al. (2006) 
Tupwongse et al. (2007) 
Dumont et al. (2006) 




Egan et al. (2002) 
Longnecker et al. (1991) 
Total daily intakes of Se for different countries around the world and compared with estimation of daily 
intake of Se for Bangladeshis from the current study. 





Table 7-3: Estimation of daily dietary intake of Mn around the world. 
 




UK total diet study, healthy adult consumers (UK) 
UK total diet study, healthy adult consumers (UK)  
Duplicate meals, healthy individuals (France) 
Duplicate diet tech., healthy individuals (Austria) 
Duplicate portion tech., Healthy men (Germany) 
DPTech, Healthy women (Germany) 
DPTech, Vegetarian Healthy women (Germany) 
Healthy adult (Catalonia, Spain) 
Healthy adult (USA) 
Market basket study, healthy adult (Japan) 
Healthy women (Punjab, India) 
Healthy adult (Mumbai, India) 
Duplicate diet, Healthy adult (Pakistan) 
Daily dietary intake(Murshidabad, India) 
Diet study of  Bangladesh, US data based 
TDI of Bangladeshi population for non-chewers (BD) 
TDI of Bangladeshi population for chewers (BD) 
TDI of Bangladeshi population for non-chewers (UK) 






































Ysart et al. (1999)  
FSA, (2009)  
Noel et al. (2003)  
Wilplinger et al. (1999)  
Schafer et al. (2004)  
Schafer et al. (2004) 
Schafer et al. (2004) 
Marti-Cid  et al. (2009)
 
Greger et al. (1990)  
Aung et al. (2006) 
Kawatra and Bakhetia(2008) 
Tripathi et al. (2000) 
Iyengar et al. (2002) 
Roychowdhury et al. (2003) 





Total daily intakes of Mn for different countries around the world and compared with estimation of daily 
intake of Mn of Bangladeshis from the current study. 
a  
These data were used for correlation between TDI and Urinary Mn levels (Chapter 5). 
 





Table 7-4: Daily intake
a
 (µg/day) of As, Se and Zn in foods and water for Bangladeshis. 
 











Lentil and beans 
Steamed  rice 
Puffed rice 
Tea infusions  
Others 
Sum of foods 
Water 
d 









































 The quantity of food consumed (g/day) was taken from a previous study (Zoblotska et al. 2008)
 
b
 Animal products measured in this study were purchased from the UK markets.   
c 
Mean of element concentration (maximum value). 
d 
Estimated using data taken from Frisbie et al. (2002)
 
 
Figures 7-1 and 7-2 show the percent daily intake of As and Se for different 
Bangladeshi foods. Figure 7-1 (A) shows that fish and rice are the main source of arsenic 
from food categories, whereas water (Figure 7-1 B) has the highest arsenic content amongst 
all the foods/non-foods consumed in Bangladesh. Interestingly, fish and rice were also the 
main sources of Se in the food category (Figure 7-2 A). Percent daily intake, excluding 
drinking water, for arsenic and selenium were 46 and 31% for rice and 43 and 40% for fish, 
respectively (Figure 7-1 A and Figure 7-2 A).  
 






Figure 7.1: Daily intake of As in Bangladeshi foods. (A) Daily As intake (%) through 
different Bangladeshi foodstuffs (100% = 74.21 µg As per day), (B) Total Daily As intake 














Figure 7.2: Daily intake of Se in Bangladeshi foods including betel quids. (A) Daily Se 
intake (%) through different Bangladeshi foodstuffs (100% = 87.66 µg Se per day), (B) 









Figure 7-3 (A) shows that %TDI of Mn for all types of Bangladeshi foods. Of these, 
steamed rice, tea infusion and green vegetables contained the major quantities of Mn 
amongst foods. The %TDI was 33, 28 and 17% for rice, tea infusion and green vegetables, 
respectively. Betel quid is another source of Mn (which was discussed in chapter 5). Here 
%TDI of Mn associated with betel quid chewing (for six betel quids per day) was estimated 
to be 8% of TDI. Drinking water contributed towards 11% of TDI.  The %TDI for sum of 
all foods was 81% (Figure 7-3 B). 






Figure 7.3: Daily intake of Mn from Bangladeshi foods including betel quid chewing. (A) 
Daily Mn intake (%) through different Bangladeshi foodstuffs (100% = 16.57 mg Mn per 
day); both meat and poultry are less than 0.5%, (B) Total Daily Mn intake (%) for 
Bangladesh 
 




7.3.2 Total daily intakes of Cd, Pb and Zn  
Tables 7-5, 7-6, 7-7 show the TDI of Cd, Pb and Zn around the world. Table 7-8 presents 
the estimation of daily intakes for Bangladeshis. Bangladeshi foods that contribute 
significantly towards the daily intakes of Cd, Pb and Zn were rice (18.61, 14.84 and 5509 
µg/day, respectively), green vegetables (12.03, 28.29 and 1700 µg/day, respectively) and 
fish (0.36, 4.76 and 927 µg/day, respectively). TDI of Cd, Pb and Zn excluding water were 
38.55, 74.44 and 11203 µg/day, respectively. Rice and green vegetables are the main 
sources of Cd and Pb intake. However, fish and animal products contain low Cd levels. 
Rice contained the highest quantity of Zn followed by vegetables (Table 7-8). 
 
Figures 7-4, 7-5 and 7-6 show that %TDI of Cd, Pb and Zn from Bangladeshi foods.  
The %TDI for Cd was 49, 31, 14 and 3% for rice, green vegetables, puffed rice, beans and 
lentil, respectively. The %TDI of Pb was 20, 51, 13 and 8% for rice, green vegetables, 
beans and lentil, respectively. The %TDI of Zn was 49, 15, 13% for rice, green vegetables 













Table 7-5: Estimation of daily dietary intake of Cd around the world. 
 
Country TDI of Cd   
µg/day 
Reference 








India, Bamby city 
India, Mumbai 





Spain, Catalonia  
Spain, fish and seafood consumption 






























11.5 – 14.2 
This study 
Alam et al. (2003) 
Ekholm et al. (2007) 
Larsen et al. (2002) 
Batista et al. (2010) 
Leblanc et al. (2000) 
Sirot et al. (2008) 
Vontsa et al. (1998) 
Tripathi et al. (1997) 
Capdevila et al. (2003) 
Horiguchi et al. (2004) 
Lee et al. (2006) 
Nasreddine et al. (2010) 
NZFSA, (2004) 
Falco et al.  (2005) 
Llobett et al. (2003) 
Falco et al. (2006) 
Capdevila et al. (2003) 
Tupwongse et al. (2007) 
FSA, (2000) 
Ysart et al. (2006) 
FSA, (2009) 
Scanlon et al. (1999) 
Egan et al. (2002) 
Total daily intakes of Cd for different countries around the world and compared with estimation of daily 
intake of Cd for Bangladeshis from the current study. 
 
 





Table 7-6: Estimation of daily dietary intake of Pb around the world. 
 
Country TDI of Pb  
µg/day 
Reference 
Bangladesh,   Food 
Bangladesh,   Foods & water 





























4.2 – 18.2 
This study 
This study 
Alam et al. (2009) 
Larsen et al. (2002) 
Leblanc et al. (2000) 
Lee et al. (2005) 
Ellen et al. (1990) 
Vannoort et al. (1990) 
NZFSA, (2004) 
Jorhem et al. (1998) 
Tupwongse et al. (2007) 
Ysart et al. (1999) 
FSA, (2000) 
FSA, (2009) 
Scalon et al. (1999) 
Egan et al. (2002) 
Total daily intakes of Pb for different countries around the world and compared with estimation of daily 
intake of  Pb Bangladeshis from the current study. 
 





Table 7-7: Estimation of daily dietary intake of Zn around the world. 
 
Country TDI of Zn 
Mg/day 
Reference 
Bangladesh,  Foods 
Bangladesh,  Only vegetables 
Bangladesh,  Only vegetables 
Belgium 
Chile for male 












7.6 ± 3.4 
6.4 ± 3.5  
11.7 
14 
9.5 ± 11.4 






Alam et al. (2003) 
Buchet et al. (1983) 
Olivares et al. (2004) 
 
Bro et al. (1990) 
Biego et al. (1998) 
Wang and Duo, (1999) 
Tupwongse et al. (2007) 
FSA (2000) 
FSA (2009) 
Egan et al. (2002) 
Total daily intakes of Zn for different countries around the world and compared with estimation of daily 
intake of Zn for Bangladeshis from the current study. 





Table 7-8: Daily intake
a
 (µg/day) of Mn, Cd and Pb in foods and water (Bangladeshis 
residing in Bangladesh). 
 










Lentil and beans 
Steamed  rice 
Puffed rice 
Tea infusions  
Others 
Sum of foods 
Water 
c 






































 The quantity of food consumed (g/day) was taken from a previous study (Zoblotska et al. 2008)
 
b
 Animal products measured in this study were purchased from the UK markets.   
c 
Estimated using data taken from Frisbie et al. (2002)
 
 



























Figure 7.6: Daily intake of Zn in Bangladeshi foods (100% = 11. 203 mg Zn per day). 
 
 
7.3.3 Daily intakes of trace elements from non-aromatic and aromatic rice 
The data from Chapter 3 revealed that aromatic rice has far lower arsenic levels compared 
to non-aromatic rice and therefore consumption of this variety of rice could reduce the 
arsenic exposure in Bangladeshis. Therefore, the daily intake of arsenic and selenium was 
also calculated for aromatic rice. This was done to provide an idea of what would happen if 
the Bangladeshi people switched from eating non-aromatic rice to aromatic rice. As can be 
seen from Figure 7-7, the daily intake for arsenic reduces from 39.5 µg/day (non-aromatic 
rice) to 23 µg/day (aromatic rice) and the daily intake for selenium increases from 21 
µg/day (non-aromatic rice) to 39.5 µg/day (aromatic rice). 






Figure 7.7: Comparison of daily intakes of trace elements from non-aromatic and aromatic 
rice [or As, Se, Cd and Pb (µg/day) and for Mn and Zn (mg/day)]. 
 
 
7.3.4 Ratios of toxic: essential trace elements in Bangladeshi foods 
Ratios of trace elements (toxic:essential) for all Bangladeshi foods, which were determined 
in this study including rice (for non-aromatic and aromatic Sylheti rice), vegetables and fish 
are presented in Figures 7-8 to 7-10. Figure 7-8 shows As:Se and As:Zn ratios for different 
types of Bangladeshi foods. Leafy vegetables have the highest As:Se ratio, followed by 
puffed rice and raw rice. Low As:Se ratios are seen for milk, eggs and lentils. Generally, 
rice and leafy vegetables (such as spinach) are the main sources of arsenic whereas lentils, 
small fish and okra have the lowest ratio amongst all foods analysed.  
 





Figure 7.8:As:Se and As:Zn ratios of different Bangladeshi foods. 
 
 





Figure 7.9: Cd:Se and Cd:Zn ratios of different Bangladeshi foods. 
 
 









Figures 7-11 and 7-12 show the FTS scale for different foods. It presents the data 
for individual toxic elements (As, Cd, Pb) and for the combination of the three elements 
(As+Cd+Pb). The equations used for obtaining the data for the single and combined 
elements are described in the methods section of this chapter (see section 7.2.3.2.). From 
Figure 7-11 (A), it can be seen that the highest FTS values for arsenic in foods is seen for 
rice (10.67), followed by big freshwater fish (10.46), puffed rice (8.36). The lowest FTS 
values for arsenic is seen for milk (-1.16), followed by lentils (-0.13) and okra (0.23). From 
Figure 7-11 (B), it can be seen that the highest FTS values for cadmium in foods is seen for 




cabbage (10.32), followed by cauliflower (9.84), spinach stalks (9.51) and rice (9.45). The 
lowest FTS values for cadmium is seen for milk (-3.09), followed by small fish (-2.63) and 
lentils (-1.69). From Figure 7-11 (C), it can be seen that the highest FTS values for lead in 
foods is seen for spinach stalks (9.02), followed by bread (8.96), cabbage (8.93). The 
lowest FTS values for lead is seen for milk (0.71), followed by salted fish (0.81) and lentils 
(1.00).  
 
Finally, from Figure 7-12, it can be seen that the highest FTS values for three toxic 
elements combined (arsenic, cadmium and lead) in foods is seen for rice (9.88), followed 
by cabbage (9.47), big freshwater fish (9.38). The lowest FTS values for the combined 
toxic elements are seen for milk (-0.22), followed by lentils (0.23) and salted fish (1.58). 
Data presented in these Figures can help in the identification of foods that have lower toxic 
element content and higher essential element content. Thus low FTS values are indicative 
of foods that can be considered to be safer. The scale is particularly valuable in identifying 
foods that are potentially harmful to the health of Bangladeshis. 
 
 






Figure 7.11: The FTS scale of toxic elements for all Bangladeshi foods. (A) the FTS of As 
versus Se and Zn, (B) the FTS of Cd versus Se and Zn, (C) the FTS of Pb versus Se and Zn. 
 






Figure 7.12: The FTS scale of toxic elements combined versus Se and Zn for all 
Bangladeshi foods 
 
Figure 7-13 shows a comparison of the FTS values for arsenic in 24 different types 
of rice (aromatic and non-aromatic) for which both total and inorganic arsenic levels are 
known. It can be seen that the atap LG USA rice has the highest FTS value when total 
arsenic is used for the calculation. However, when the FTS is calculated using the content 
of inorganic arsenic, rice Ajona T aman and Aman red Biron have the highest FTS value. 
Overall, the lowest FTS values are seen for Ulwail Biron (aromatic), Alo baisher and Talsi 












Figure 7.13: Comparison of the FTS values for arsenic in 24 different types of rice 
(aromatic and non-aromatic) for which both total and inorganic arsenic levels are known 
 
 
Figure 7-14 shows the FTS of non-aromatic and aromatic Bangladeshi rice for all 
the elements which were analysed in this thesis. It is very clear that As:Se and Pb:Se ratios 
of aromatic rice are lower than that for non-aromatic rice. The other ratios for aromatic rice 
are also lower than non-aromatic rice.  
 






Figure 7.14: Comparison of the FTS scale of aromatic and non-aromatic Bangladeshi rice 
for As, Cd and Pb versus Se and Zn. 
 
7.3.5 Estimation of risk assessment of trace elements 
In order to determine the PMTDIs and THQs of elements for the total diet in the 
Bangladeshi population, the mean consumption of different Bangladeshi foods (including 
rice, fish, vegetables and water) were taken partly from analysis in the current study and 
partly from the literature (Table 7-9). These data were used for estimating the daily intakes 
(Table 7-4 and 7-8). Contents of elements in different foods (rice, vegetables, fish etc.), tea 
infusions, betel quids and drinking water were also used for calculating both PMTDIs and 
THQs for As, Cd, Mn, Pb, Se and Zn. 
 
Quantities of foods (g per day) consumed by the Bangladeshi population were taken 
from Zablotska et al. (2008). In this study, consumption of uncooked rice was assumed to 
be 500 g (dry weight) per day. Trace elemental levels in Bangladeshi groundwater, reported 




by Frisbie et al. (2002), were used for intake of the different elements from water. This was 
combined with data from the current study for the intake of trace elements, from 
consumption of foods and non-foods, to determine the total daily intake of these elements 
in Bangladesh. Table 7-9 shows the percentage of the PMTDI for As, Cd, Mn, Pb, Se and 
Zn associated with the consumption of both foods and non-foods. Water and rice provide 
the highest daily intake of arsenic (159.7 and 27.2% of the PMTDI, respectively). Sikor is 
the highest daily contributor of arsenic and Pb intakes for Bangladeshi women who eat 
baked clay (see chapter 6). Sikor also contributes significantly towards the daily intake of 
Cd (28.3% of the PMTDI) (Table 7-9). However, rice and vegetables are the major source 
of Cd (30 and 16% of the PMTDI, respectively).  
 

























































 the PMTDI: The Provisional Maximum Tolerable Daily Intake, assuming the body weight for adult is 60 kg. 
b
 Six quids of ordinary betel quid are  more commonly consumed  by chewers. 
C
 50 g of baked clay per day.  
 




Rice provides the highest daily intake of Mn (57.4% of the PMTDI). As much as 
18% of the PMTDI for Mn can be derived from chewing six betel quids. For an individual 
chewing 30 betel quids, 90% of the PMTDI can be reached. High levels of Mn intake also 
come from other foods including vegetables and tea infusions.  
 
THQ is the other scale that is used for human health risk assessment for trace 
elements, values that are higher than one are considered to be of health concern. Table 7-10 
show that THQs of As, Cd, Mn, Pb, Se and Zn for the Bangladeshi population. Sikor 
contained the highest levels of arsenic and lead, 2- and 5-fold of the maximum desirable 
THQ. For Bangladeshis, both drinking water and eating Sikor showed the highest THQ 
values (1.65 and 2.83, respectively). Rice has significant THQ values for toxic elements 
including As, Cd and Mn. The THQ for Mn in betel quids was 0.18 (for 6 quids per day), 
which is a significant value and is similar to the THQ for Mn from drinking water (0.21). 
The THQs of rice and tea infusions were 0.55 and 0.37, respectively. The THQ for Mn 
derived from all foods is higher at 1.55. The THQ for the total Bangladeshi diet was 
estimated to be 1.94 (this includes water and 6 betel quids). This is almost 2-fold of the 
maximum desirable THQ (Table 7-10).  
 
Figure 7-15 shows a comparison of the percentage of PMTDI of arsenic associated 
with eating Sikor (50 g), drinking water (2.7 Litres) and rice consumption. It is very clear 
that 50 g of Sikor contributes towards a higher intake of arsenic than both water (assuming 
84 µg iAs/L) and rice (63 µg iAs/L).   





Table 7-10: The THQs of Bangladeshi foods and non-foods. 
 






















































Figure 7.15: Percentage of the PMTDI of arsenic from consumption of Sikor, water (84 µg 
iAs/L) and rice (63 µg iAs/L) in Bangladesh. 
 




7.3.6 Comparison between the FTS, the PMTDI and the THQ of different food 
As can be seen from Figure (7-16) the three different scales used for risk assessment of 




Figure 7.16 Comparison between The FTS to the PMTDI and THQ. 





This is the first study to comprehensively determine the TDI of selenium, zinc, cadmium 
manganese and lead for the Bangladeshi population. Furthermore, the total intake of arsenic 
was determined through the use of the arsenic content of the largest number and the most 
diverse range of foods thus far reported in the literature for Bangladeshi foods. For 
example, this is the first study to consider arsenic intake from betel quids chewing and 
eating baked clay. 
7.4.1 Total daily intakes of trace elements 
7.4.1.1 TDI of As, Cd and Pb 
The daily intake of arsenic in Bangladesh was found to be 306 µg/day
 
including drinking 
water (daily intake from foods is 74 µg/day). This value is higher than that for the Japanese 
population (160-280 µg/day
 
for a two year period) (Tsuda et al., 1995), and is much higher 
than that reported previously for the daily intake for other countries with the exception of  a 
region in India (West Bengal) where the daily intake of arsenic was reported to be 801 
µg/day
 
(Roychowdhury et al., 2003). In contrast to values found in the current study, Kile 
et al. (2007) reported that daily intake of arsenic in Bangladesh, based on a duplicate diet 
survey (excluding water), was 68 µg/day (median value). Another study  in Bangladesh 
reported that the mean daily intake of arsenic from water and food was 150 µg/day (range 
43 – 490 µg/day) (Ohno et al., 2007). TDI from the Kile et al. (2007) study was very 
similar to the finding in the current study for foods (74 µg/day), which shows that the 
arsenic levels in Bangladeshi foods were similar and the daily consumption are similar for 
both studies. Kile et al. (2007) found that when the arsenic level in the drinking water is 




low, the main contributor to arsenic intake comes from food. Their study focused on Pabna 
region of Bangladesh and the situation may be different for other regions. More recently, a 
value of 105 µg/day, just from consumption of vegetables, was estimated for Bangladeshis 
(Karim et al., 2008) (see Table 7-1). Furthermore, it is important to keep in mind that in 
contrast to the current study, previous estimates by other workers did not include arsenic 
intake from betel quid chewing. Although, there are differences in the estimates of daily 
intake between different studies, overall the level of arsenic in the Bangladeshi diet is very 
high and may explain the observation of adverse health outcomes in the Bangladeshi 
population. Baked clay provides the highest daily intakes of arsenic and lead (370 and 1235 
µg/day, respectively).  
 
Rice and vegetables provide some of the highest daily intake of Cd from the food 
category. Daily intake of Cd from vegetables grown in Samta village (Bangladesh) was 
estimated to be 9.45 µg/day
 
(Alam et al., 2003). The latter TDI for vegetables consumption 
is similar to the TDI calculated for vegetables in this thesis (13.14 µg/day see table 7-2). 
Table 7-6 shows that the TDI of different countries. This reveals that the estimated TDI of 
Cd for Bangladeshis is higher than almost all the other countries except for the USA 
(Scanlon et al., 1999) and a group of Japanese female farmers (27.4 – 33 µg/day) 
(Horiguchi et al., 2004). The latter intake is very similar to the values (34.55 µg/day) for 
Bangladeshis determined in this study. Very low TDI of Cd, compared to the value 
determined in this study, was reported for India (Tripathi et al., 1997; Raghunath et al. 
2006) (see table 7-5). TDI of Cd in food for India was 2.2 µg/day. The researchers may 




have measured certain types of vegetables (non-leafy vegetables) or their survey 
underestimated the actual value. Alternatively, Indian vegetables studied by the authors 
may contain low levels of Cd. 
 
Table 7-6 shows the TDI of Pb around the world. The TDI of Pb by the 
Bangladeshis estimated in the current study was 101.4 µg/day. This value is very high 
compared with other TDI values thus far reported in the literature for other countries of the 
world. The most likely reason for this is the consumption of large quantities of rice and 
leafy vegetables. These types of food are the main source of Pb in Bangladeshi diet. 
Excluding water, Bangladeshi food contributed 74 µg/day of Pb which is also very high.  
This study shows that the intake of Pb by Bangladeshis is 9-fold higher compared to the 
intake through UK foods (see table 7-6). 
 
Bangladeshis have one of the highest intake of As, Cd and Pb from food 
consumption. This may have serious health implications for Bangladeshis. Toxicity 
associated with high intake of arsenic can include different types of cancer including cancer 
of the lungs, skin etc (Tanabe et al., 2001; Hafeman et al., 2006). Exposure to cadmium is 
linked with kidney disease, and lung cancer (Waalkes, 2000). Lead exposure was linked 
with different diseases such as neurotoxicity and cancers (Verstraeten et al., 2008). Nearly, 
twenty million people suffer from chronic kidney disease in Bangladesh (UNB, 2011) 
which may be linked to exposure to high levels of heavy metals amongst other exposure to 
toxic substances.   




7.4.1.2 TDI of Mn, Se and Zn 
Manganese content in water in Bangladesh is 0.800 mg Mn/L (mean value) (Frisbie et al., 
2002), which is higher than the recommended WHO level. The recommended dietary 
allowance (RDA) for manganese is 2.3 and 1.8 mg per day for adult males and females, 
respectively (RDA, 2011). However, the oral exposure recommendations and guidelines 
include USEPA‘s oral reference concentration of 0.14 mg/kg.b.w.day (USEPA, 2007). The 
maximum daily intake for Mn is 0.20 mg/kg.b.w.day (FSA, 2009). 
 
The results in this thesis shows that the average intake of Mn for Bangladeshi 
population is 18.3 and 18.7 mg/day from foods when betel quids (6 quids) or water (2.7 
litres), respectively (Table 7-4), are included in the daily intake estimation. When both betel 
quid chewing and drinking water are included in the calculation, the total daily intake of 
Mn is 20.3 mg/day
 
for all foods. These results are not too different from the daily Mn intake 
of 16.51 mg/day
 
calculated by Zablotska et al. (2008), despite the fact they did not include 
water and betel quid intake in their calculation. If 2.7 litres of water and 3 cups of tea per 
day are included in their calculation then the total intake of Mn for chewers (six betel 
quids) will be 20.3 mg/day and 18.6 mg/day for non-chewers. It is interesting that the 
intake calculated in the current study (16.57 mg/day) and Zablotska et al. (2008) study 
(16.51 mg/day) are essentially identical when water and betel quids are excluded. From an 
international perspective, the total Mn intake by Bangladeshi population is by far the 
highest compared to non-occupationally exposed groups in any other country for which 
data has been published so far (Table 7-3). It is noteworthy that the high Mn intake 




countries are from South Asia, namely Pakistan (Iyengar et al., 2002) with reported dietary 
intake of Mn of 10.54 mg/day, followed by regions of India with values ranging from 2.21 
to 8.72 mg/day (Tripathi et al., 1997; Roychowdhury et al., 2003).  
 
 As already mentioned, selenium is an essential element for humans. The total daily 
Se intake for Bangladeshis estimated in this thesis was 90.4 µg/day. Many studied have 
reported TDI of Se in foods around the world (Mahalingam et al., 1997; Miyazaki et al., 
2004; Moser et al., 1988; FSA, 2009; Egan et al., 2002) (see Table 7-2). TDIs of Se in the 
UK and India were estimated to be 48-58 and 27-48 µg/day, respectively (Mahalingam et 
al., 1997; FSA, 2009). These values are half of the Bangladeshi TDI estimated in this 
thesis. In other studies from Japan and USA, the TDI of selenium were estimated to be 118 
and 110- 126 µg/day, respectively for the two countries (Miyazaki et al., 2004; Egan et al., 
2002). The TDI of Japanese and American populations were similar to that estimated for 
Bangladeshis in this thesis. This finding suggests that Bangladeshis do not appear to have a 
diet that is deficient in selenium. This is in contrast to what has been reported in the 
literature that there is Se deficiency in Bangladesh (Spallholz et al., 2004). The latter 
authors suggested that due to Bangladeshi soils containing low levels of Se, Bangladeshi 
foods are likely to have low levels of this element (Spallholz et al., 2008). However, in 
another study that measured blood Se levels in Bangladeshis (Chen et al., 2007); the mean 
of Se level was found to be 150.2 µg/L. This level is rather high and is comparable to levels 
found in populations that are known to have sufficient selenium in their diet such as the 
USA (Bleys et al., 2007). Also there is no evidence in the literatures for any disease 




amongst Bangladeshis related to Se deficiency such as Keshan disease. Selenium can 
counteract the toxicity of arsenic and some groups are doing clinical trials on arsenic 
exposed Bangladeshi population by giving them selenium supplements (Spallholz et al., 
2004). The impact of such supplementation needs to be carefully followed, including 
selenium speciation in blood, since the data presented in this thesis suggests that the 
Bangladeshi diet has sufficient levels of selenium. However, it is important to note that the 
selenium intake from animal products, other than fish, is very low for Bangladeshis. In this 
context, the Bangladeshi population could be limited in certain types of selenium species 
such as selenomethionine that are rich in animal products (Schrauzer, 2000).  
 
As already pointed out zinc is an essential element for human body and it plays vital 
roles in many important biological processes (Harper et al., 1990). For Bangladeshis, the 
total daily Zn intake in this thesis was estimated to be 11.2 mg/day. Many studies have 
reported TDI of Zn in foods around the world (Tupwongse et al., 2007; FSA, 2009; Egan et 
al., 2002). In a study from Thailand, the TDI of Zn was estimated to be 8-11 mg/day. This 
value is similar to the TDI of Zn for Bangladeshis estimated in this thesis. This may not be 
too surprising since the two countries are geographically close to each other and the Thai 
population also have a similar type of diet to the Bangladeshis although there are important 
differences. In the UK and USA, TDI of zinc were 8.83 and 12.7 mg day
-1
 (FSA, 2009; 
Egan et al., 2002). The TDI of Zn for Bangladeshis in the current study was intermediate 
between that of UK and USA. This suggests that the Bangladeshis consume adequate 
quantities of Zn per day and therefore Zn deficiency from the diet in Bangladesh is 




unlikely. However, very recent studies have reported Zn deficiency amongst Bangladeshis 
and recommended rice biofortfied with zinc as a solution (Mayer et al., 2011; Lindstrom et 
al. 2011). The apparent contradiction between the high TDI (the current study) and low 
plasma zinc levels (Lindstrom et al., 2011) could be due  to the low bioavailability of zinc 
from rice or the high level of phytic acid in the leafy vegetables that reduces the 
bioavailibity of zinc. Zinc content in Bangladeshi rice was measured in the current study, 
and the mean ± SD was 11 ± 3 mg/kg. This is similar to another study which found 12.6 
and 13.2 mg/kg zinc in aman and bror rice, respectively (Mayer et al., 2011). Also Mayer et 
al. reported that TDI of Zn for children in Bangladesh ranged from 6.17-7.53 mg/day. In 
the UK study, TDI of Zn for children was estimated to be 8-9 mg/day (FSA, 2009). This 
indicates the TDI of Zn for Bangladeshi children are similar to that for UK children. It can 
be concluded that there is sufficient levels of zinc in the Bangladeshi diet.  However, since 
the Zn is mainly derived from rice in Bangladeshis, it is possible that this along with the 
high intake of leafy vegetables creates a condition where zinc bioavailibity is reduced.  As 
already mentioned, this could due the presence of plant chemicals such as oxalate and 
phytic acid which can reduce the bioavailability of Zn in the body (Lonnerdal et al., 2011). 
For these reasons Bangladeshis may need to alter their diet, such as reducing their intake of 
certain leafy vegetables (for example, lal shak) and rice and simultaneously increase their 
intake of zinc from animal products. 
 
7.4.1.3 Daily intake of trace elements from non-aromatic and aromatic rice 
An important finding of the thesis reported in chapter 3 is the significantly low level of 
arsenic in aromatic rice compared to non-aromatic rice. As shown in this chapter, if the 




Bangladeshi people consume 0.5 kg of aromatic rice instead of non-aromatic rice, their 
exposure to arsenic from foods can be reduced by 40%. Furthermore, their intake of 
selenium and zinc will be increased by 46 and 23% (see Figure 7-7), respectively. Thus 
aromatic rice may be beneficial for not only reducing the total arsenic intake but the 
increased selenium intake could be beneficial in terms of countering arsenic toxicity 
associated with arsenic exposure from drinking water.  
7.4.2 Estimation of risk assessment of trace elements 
7.4.2.1 Ratio of toxic and essential elements 
Ratio of toxic and essential elements were calculated to assess the risk of toxic elements in 
Bangladeshi foods including rice and vegetables, which are the main classes of foods 
consumed in Bangladesh. Figures 7-8, 7-9, 7-10 present the As/Se & As/Zn, Cd/Se & 
Cd/Zn and Pb/Se & Pb/Zn ratios for all types of foods before and after adjustment by the 
actual quantities (g wet weight per day) of foods consumed. It is very important to know 
the concentrations of both the toxic and essential elements in the same food for which the 
toxic:essential element is being calculated. After this, the ratio can provide a meaningful 
approach for identifying which foods contain low levels of a toxic element and high levels 
of essential elements. The multiplication of the ratio with quantity of a specific food 
consumed gives a better reflection of the level of exposure since the concentration of 
arsenic can vary between samples and also the quantity of food consumed. Thus for 
example, for a type of rice containing 100 µg/kg of arsenic, 100 µg/kg of selenium and 
10000 µg/kg of zinc will give a weight-adjusted As/Se and As/Zn ratios (FTS value) of 
2.31 and 3.92 for someone consuming 100 g and 500 g of rice, respectively. If the ratios 




were not multiplied by the toxic element concentration and the quantity of rice consumed, 
the value will be the same for both (i.e. 1.01), in which case it will not be possible to say 
which person will have a higher load of exposure to a toxic element. The multiplication 
with quantity consumed reveals that consumption of 500 g of rice will result in a higher 
FTS value since the total intake of arsenic (and selenium) will be higher than consumption 
of 100 g of rice. Although higher levels of selenium can potentially counteract the toxicity 
associated with high levels of arsenic, it is safer to have lower levels of exposure to arsenic. 
It is therefore, preferable to have foods that have low arsenic (10 µg/kg) and low selenium 
(10 µg/kg) than having a food that has very high levels of arsenic (100 µg/kg) and selenium 
(100 µg/kg) although in both cases the ratio will be identical. Therefore, it is important to 
know the original concentration of arsenic (and selenium) in the rice for a reliable 
assessment of the risk. The FTS of latter cases will be 1.61 and 3.91 for 10 and 100 µg/kg 
of both arsenic and selenium, respectively. 
 
 Aromatic rice has low FTS values compared to non-aromatic rice (see Figure 7-14). 
Leafy vegetables are widely consumed in large quantities amongst the Bangladeshi 
population and the FTS scale for this class of food is significantly high. Vegetables with 
low FTS for As/(Se&Zn) are tomato and gourd vegetables. The foods with the lowest FTS 
for As/(Se&Zn) are milk, lentil and okra. Thus, it can be recommended that Bangladeshis 
can reduce their intake of arsenic and at the same time increase their intake of selenium by 
reducing their consumption of rice and leafy vegetables and increasing their consumption 
of lentil and animal products such as fish. 




This FTS was also used for estimating the toxic elements to zinc ratio in 
Bangladeshi foods (Figure 7-8, 7-10, 7-12).  This revealed that like with FTS for As:Se, 
rice and leafy vegetables showed the highest FTS. High FTS for As/Zn and Cd/Zn were 
seen for big fish. In contrast low FTS were seen for gourds, lentils, okra, tomato and small 
fish. These results suggest that big fish have higher levels of toxic elements (Cd and As) 
compared to small fish.  This could be due to the fact the main big fish analysed in thesis 
were farmed freshwater fish (apart from Hilsha which is caught in the river).  It is possible 
that these farmed fish are fed contaminated fish food. This issue needs to be investigated in 
the future as it is known that lead and chromium rich tannery waste are burnt to produce 
fish feed (The independent, 2011). A whole range of toxic chemicals including chromium 
is used for processing the leather and it is possible that other heavy metals are also used 
leading to the entry of toxic chemicals into the food chain. The Bangladeshi diet depends 
heavily on small fish and it is good to see that the FTS values for this category of fish is 
low indicating that they have lower levels of toxic elements. Generally, small fish 
consumed in Bangladesh are from rivers and lakes and are not likely to be fed 
commercially produced fish feed. This may explain why they have lower levels of toxic 
elements. 
 
The FTS devised in this thesis provides a simple scale that can be used for risk 
assessment of toxic elements in foods and can help identify which foods to avoid or include 
in the diet. For the Bangladeshi diet, rice and leafy vegetables, both of which are consumed 
in large quantities, are the main sources of toxic elements and have the highest FTS values. 




Rice is certainly a nutritious food and contains significant levels of essential elements. 
However, the large quantity of rice consumed by the Bangladeshi population makes them 
vulnerable to higher exposure to toxic elements. On the basis of the findings of the FTS 
analysis, it can be recommended that the Bangladeshi population reduce their intake of rice 
and leafy vegetables and simultaneously increase their consumption of gourds, lentils, non-
leafy vegetables, and small fish (and other animal products). Such a change in the dietary 
pattern can be healthier for the Bangladeshi population who are already exposed to high 
levels of toxic elements from drinking water. 
7.4.2.2 Estimation of PMTDIs and THQs 
The PMTDI and THQ are the other risk assessment scales that are usually used for 
estimating risk from toxic elements in drinking water and food consumption. For non-
occupationally exposed populations, the source of exposure to trace elements is mainly 
through the dietary route. Through performance of risk assessment analysis, the Joint 
FAO/WHO Expert Committee on Food Additives (JECFA) established the Provisional 
Tolerable Weekly Intake (PMTDI) of 2.1 (inorganic arsenic), 1 and 3.6 μg/kg body weight 
for As, Cd and Pb, respectively (FSA, 2009). In this thesis, the PMTDI was used for risk 
assessment of Bangladeshi foods.  
 
Contaminated groundwater is the main source of arsenic in Bangladesh. The mean 
concentration of arsenic in water in four districts in Bangladesh was measured by Frisbie et 
al. (2002) and an average content of up to 84 µg/L
 
of arsenic was found. Assuming 2.7 
litres of water is consumed per day in Bangladesh, the daily intake of As in Bangladesh 




from drinking water is 226.8 micrograms (for water As level of 84 µg/L). This value is 
equivalent to more than 159.6% of the PMTDI per day (assuming Bangladeshi body weight 
is 60 kg). Rice is the second main of source of arsenic exposure for Bangladeshis. The 
%PMTDI was estimated for rice to be 27.2%. This result is in agreement with the FTS 
calculated in section (7.4.2.1.) since both estimations show which foods have the highest 
values (toxicity/risk) for a given quantity of food intake (see Figure 7-16). 
 
The high Cd levels in Bangladeshi foods are consistent with the high Cd 
concentrations that were detected in breast milk of Bangladeshi women (median 0.14 
µg/L). This level of Cd in breast milk is higher compared to other countries around the 
world (below 0.1 µg/L) (Kippler et al., 2009). This finding was used to explain the high Cd 
exposure among children in rural Bangladesh (Kippler et al., 2010). In light of the data 
presented in this thesis, it is recommended that the Bangladeshis modify their diet to make 
it more balanced. As already pointed out, this could be done through reducing their 
consumption of rice and leafy vegetables and simultaneously increasing their consumption 
of animal products.  
 
Results of the current study (Table 7-9), showed that Mn content in betel quids was 
high and 18.1% of the PMTDI for Mn can be derived from chewing six betel quids. The 
highest manganese intake is from rice and other foods including tea fusions. Manganese 
content was 10.9 mg/kg in Bangladeshi rice (in this thesis). The daily consumption of six 
ordinary betel quids and two meals of rice and other food can provide more than 145% of 




the PMTDI for Mn (Table 7-9). This level of exposure is excessive considering that this 
value was obtained by excluding manganese in water. Manganese consumption through 
drinking can account for 22.7% of the PMTDI (Table 7-9).  
 
The percentage of PMTDI of Pb from leafy vegetables and rice (16.9 and 7.1, 
respectively) show that these foods are the main source of Pb. This is in good agreement 
with the toxic:essential trace element ratio scale that was used in this study. However, other 
vegetables showed lower PMTDI% of Pb (such as gourd and lentil). For people who chew 
betel quids and eat Sikor, the exposure to Pb is very high. Eating 50 g of Sikor results in 
exceeding %PMTDI for lead by 5-fold. Chewing six betel quids can account for 8.5% of 
the PMTDI (Table 7-9). 
 
Results presented in this thesis show that rice can be an important source of Se and 
Zn. It provides 9.1% (Se) and 30.6 (Zn) of the PMTDI %, (table 7-9). In the Bangladeshi 
diet, fish is the main source of Se (11.7% of the PMTDI). In contrast, non-leafy vegetables 
(such as gourds and lentils) are important sources of Zn, providing 12% of the PMTDI. 
These observations are in good agreement with the toxic elements:essential elements ratio 
scale established in this study (section 7.4.2.1. and Figure 7-16). 
 
THQ is the other scale that is used to assess risks associated with trace element 
consumption from foods and water. Here in this study, THQs of arsenic was estimated to be 
0.01, 0.41 and 1.52 for chewing six betel quid, food intake and water consumption, 




respectively. Also the THQ for all the foods combined was 1.94 which is quite high since 
THQ values of greater than one are considered to be of concern (Table 7-10). Rice and 
leafy vegetables again showed the highest THQs of all foods. THQs were 0.28 and 0.05 for 
rice and leafy vegetables, respectively (Table 7-10). THQs of Pb in rice and leafy 
vegetables were 0.04 and 0.05, respectively. Highest THQs were associated with eating 
Sikor. The THQs were 2.83 and 5.06 of arsenic and lead, respectively, for someone eating 
50 g of Sikor. As discussed already in chapter (6), this is of concern for Bangladeshi 
women who eat Sikor. 
 
THQ of manganese in individual betel quid and for all dietary intake in Bangladesh 
were estimated, and the results show that the THQ of manganese in betel quid was 0.18 (for 
6 quid per day), this is a significant value compared with THQ for water (0.23) and other 
food (1.74) (Table 7-10). However, the THQ for all dietary components in Bangladesh was 
2.15. The THQs of manganese were estimated for the Bangladeshi population to be 0.18, 
0.55 and 0.21 for betel quids, rice and water, respectively. Although foods shows the 
highest THQ, the nature of the manganese species present in foods and its bioaccessibility 
and bioavailability may differ to that derived from betel quids and water. Surprisingly, the 
THQ of manganese resulting from water and betel quids are very similar, but again the 
bioaccessibility and bioavaliability could be very different. The issue of manganese species, 
manganese bioavailability and bioaccssibility needs to be investigated in the future. 
Nevertheless, the total THQ of manganese from Bangladeshi diet (including food, water 
and betel quids) is very high (1.94) as the THQ values greater than one are considered to be 




of concern (FSA, 2000). As already pointed out, the daily intake of manganese by 
Bangladeshis is the highest compared to other communities thus far reported and the health 
impact of this requires further investigation. Several studies have attributed betel quid 
consumption with the development of different diseases including oral cancer, diabetes, 
cardiovascular disease etc (Vanwyk et al., 1993; IARC, 2004). In the UK, Asians have the 
highest incidence of head and neck cancer which has been attributed to smoking and betel 
quid chewing (Smith et al., 2003). As pointed out earlier, chewing betel quids was 
associated with a higher risk of skin lesions (McCarty et al., 2006) and tremor (Hafeman et 
al., 2006) in populations exposed to high levels of arsenic in their drinking water. The 
suggestion of this thesis is that the inorganic (such as arsenic and manganese) and organic 
(arecoline) components of betel quids, are jointly responsible for the adverse health 
outcomes in betel quid chewers who drink contaminated groundwater. This needs to be 
further investigated in the future. 
 
Fish also showed high level of Se and is a significant source of this element in the 
Bangladeshi diet. The THQ of Se in fish was 0.28, rice had the second highest THQ value 
for Se (0.08) (Table 7-10). The THQ of Zn from rice consumption (0.28) was the highest 
compared to all the other foods. The THQ of leafy vegetables was lower (0.03). These 
findings are in good agreement with the FTS values calculated in this study (see Figure 7-
16).  
 




This is the first comprehensive study for Bangladeshi foods and non-foods to 
estimate risk assessment of six trace elements (As, Cd, Pb, Mn, Se and Zn), and different 
scales were used for this purpose. In conclusion, the work presented in this chapter not only 
determined the TDI for six different elements but it also developed a new Food Toxicity 
Scale (FTS) which can be helpful in identifying risk of individual foods in terms of the 
levels of a toxic element versus an essential element. The advantage of the FTS scale, 
compared to the PMTDI and THQ, is that it provides a relationship between two elements 
(toxic versus essential) rather than the toxicity effects of a single element. A combination of 
the TDI, PMTDI, THQ and FTS analysis has provided valuable information on the intake 
of different elements, from a diverse range of foods, and their benefits and risks.  Overall, 
the Bangladeshi population clearly needs to modify their diet to make it more balanced, 
especially by reducing their reliance on rice and leafy vegetables. 
 
On the basis of the findings of this study the following recommendations are suggested: 
(i)  reduction in the consumption of rice (by about 50% or more). This will help 
reduce the intake of not only arsenic but also cadmium, manganese and lead.   
(ii) the TDI for arsenic can be reduced from 39.5 µg/day to 23 µg/day by 
switching from the consumption of non-aromatic rice to aromatic rice.  
(iii) since aromatic rice has lower levels of arsenic than non-aromatic rice, the 
cultivation of aromatic rice should be further increased across the country. 
(iv) the Bangladeshis could also further increase the cultivation of rice in areas 
where rice arsenic levels are low. This study has shown that rice from Sylhet 




region has much lower arsenic levels and consumption of Sylheti rice (even 
non-aromatic ones) could reduce the TDI of arsenic by 2-4 fold compared to 
consumption of rice from arsenic-affected regions. 
(v) switching from non-aromatic rice to aromatic rice will increase the TDI of 
selenium and zinc by 46 and 23%, respectively. These elements can help 
counter the toxic effects of arsenic 
(vi) the consumption of animal products by Bangladeshis is very low.  
Increasing the consumption of animal products (this could include small 
fish, meat or poultry) will help increase the intake of essential elements such 
as selenium and zinc that are present in higher levels in animal products. 
(vii) reduce the intake of certain leafy vegetables (especially lal shak, pui shak 
etc) that are very high in toxic elements (Cd and Pb). 
(viii) increase the intake of vegetables with very low FTS values which includes 
lentils, gourds, tomato, peeled potatoes. 
(ix) completely avoid or at least significantly reduce the chewing of betel quids. 
(x) the consumption of Sikor by some  Bangladeshi women should be avoided.  
Sikor can be a high source of exposure to As and Pb.  
(xi) address issues of entry of toxic elements in certain foods such as big fish, 
puffed rice, leafy vegetables etc. 
(xii) besides the above recommendations, steps should be taken to reduce the 
levels of toxic elements in the Bangladeshi environment, the food chain and 
groundwater. 




(xiii) establish stronger food safety regulations to prevent the entry of toxic 
elements through certain practices such as overuse of fertilisers, whitening 
of puffed rice using urea or making fish feed from toxic tannery wastes and 





8 OVERALL CONCLUSION  
Bangladeshis are exposed to high concentrations of arsenic from drinking water and eating 
food. In Bangladesh, many patients with melanosis (blackening of skin), leuco-melanosis, 
keratosis (hardening of palms and soles), hyperkeratosis, gangrene and skin cancers have 
been identified (Tanabe et al., 2001; Hafeman et al., 2006). Bangladesh has one of the 
highest incidences of diabetes around the world. A study has estimated that 2.3 million of 
Bangladeshis suffer from diabetes (for 2000), however this is likely to reach 11.1 million 
for 2030 (Wild et al., 2004). Furthermore, it has been reported that exposure to even low 
levels of arsenic may result in the development of diabetes (Navas-Acien et al., 2006) 
although another study (focusing on an area in Bangladesh) has reported that there is no 
association between arsenic exposure and diabetes (Chen et al., 2010). The Bangladeshi 
population in Bangladesh and those residing in the UK have some similarities in their diet, 
since many Bangladeshi foods including vegetables and fish are imported into the UK and 
are widely consumed by the UK Bangladeshis (Kassam-Khamis et al., 2000; Al-Rmalli et 
al., 2005; Cascio et al., 2011). UK Bangladeshis were shown to have a high prevalence of 
diabetic disease compared with other UK communities (NHS, 2006). Furthermore, a recent 
study has reported that urinary inorganic arsenic and DMA levels are higher in UK 
Bangladeshis compared to the general UK population (Cascio et al., 2010). The data 
presented in this thesis reveals that Bangladeshis may be exposed to high levels of arsenic 
through their diet including rice, vegetables and non-food (such as baked clay, betel quids 





Bangladeshi fish including Hilsha were analysed. Hilsha fish was found to contain high 
levels of arsenic and DMA (70%) was found to be the main species of arsenic. This species 
could have toxic properties (Craig, 2003). 
 
The total daily intake (TDI) of arsenic for the Bangladeshi population was 
estimated in the current study to be 306 µg/day (including drinking water in Bangladesh). 
This is one of the highest daily intakes around the world. Rice and water are the main 
source of arsenic for Bangladeshis in Bangladesh. High percentage of inorganic arsenic 
(approx. 70%) was found (in the current study) in Sylhet rice which is compatible to 
previous studies. This thesis also reveals that aromatic rice contains low arsenic levels 
compared to non-aromatic rice. Betel quids and baked clay were analysed (in this thesis) 
and they contained high levels of arsenic. This issue has not been previously considered. 
Baked clay can be an additional source of arsenic exposure in women which can be 
particularly serious, especially for women who are already exposed to high levels of 
arsenic through drinking water and food consumption. The PMTDI of arsenic, can be 
exceeded by 2-fold by just ingesting 50 g of baked clay per day. This increased exposure 
may explain higher prevalence of arsenic-induced skin lesions in some Bangladeshi 
women and their unborn baby. 
 
Exposure to elevated levels of Cd and Pb have been linked with various diseases 
including kidney disease (Waalkes, 2000; IARC, 1987), lung cancer (De Palma et al., 





Recently, it has been reported that over 20 million people in Bangladesh suffer from 
chronic kidney disease (UNB, 2011). The rate of kidney disease in UK Bangladeshis was 
reported to be three to five-folds higher than that of Caucasians (De Brito-Ashurst et al., 
2011 and other references cited therein). Cadmium and Lead are present in the majority of 
foods especially vegetables. This thesis reveals that Bangladeshis are also exposed to high 
levels of Cd and Pb. From the data in the current study, both leafy vegetables and rice were 
the main sources of Cd and Pb exposure. Interestingly, puffed rice was found to contain the 
highest levels of Cd amongst foods (303 µg/kg) analysed and the reason for this could be 
the use of urea in the manufacturing process. TDI of Cd and Pb were estimated (in this 
study) to be 34.5 and 74.4 µg/day, respectively. Baked clay can contribute the intake of 
high levels of these elements for some Bangladeshi women. The PMTDI of Pb, can be 
exceeded by 5-fold by just ingesting 50 g of baked clay per day. A multipronged strategy is 
required to reduce exposure toxic elements such as Cd and Pb in Bangladeshis.  
 
Bangladeshi water contains high levels of Mn, which is also a matter of concern for 
Bangladeshis. The consumption of food and non-foods, including betel quids that are high 
in Mn can be a major source of Mn intake for Bangladeshis. Chewing betel quids has been 
linked with many diseases including oral cancer (Nandakumar et al., 1990; 
Sankaranarayanan et al., 1998) and oral submucous fibrosis (Auluck et al., 2008) and 
possibly tremor  (Hafeman et al. 2006). TDI of Mn was estimated (20.3 mg/day) in this 
study to be the highest in the world. The additive or multiplicative adverse effects, such as 





chewers more vulnerable to ill health. It is possible that As, Cd, Mn and Pb in synergy with 
organic substances in betel quids may be responsible. Betel quid chewing is most prevalent 
amongst women who may be unknowingly harming their health and that of their unborn 
babies (for those who are pregnant) through increased exposure to As, Cd, Mn and Pb. 
 
Finally, the total daily intakes and risk assessment of six trace elements (As, Cd, 
Mn, Pb, Se and Zn) were estimated, and different scales for this purpose were used such as 
PMTDI and THQ. A new Food Toxicity Scale (FTS) was developed, which may help 
towards further improving food risk assessment. This scale can be used to identify foods 
that are harmful or beneficial so that the Bangladeshis can make appropriate modifications 
to their diet to reduce their exposure to toxic elements.   
 
Some changes in agricultural practice in Bangladesh is also required to decrease the 
levels of toxic elements, and increase the levels of essential elements, in common 
Bangladeshi foods such as rice and vegetables.  This is necessary to reduce entry of As, Cd, 
Pb and other toxic elements in the food chain. Furthermore, appropriate modification of the 
Bangladeshi diet can be made to reduce the intake of foods that are very high in As, Cd and 
Pb including rice and leafy vegetables. The study found that increasing the consumption of 
aromatic rice and reducing the intake of non-aromatic rice could be another solution 
towards reducing the intake of arsenic and increasing the intake of essential elements such 
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10.1 Appendix (1): Raw data using ICP-MS instrument 
Table 10-1: Concentrations in the digested solution of some food (including rice, 
vegetables and fish) samples were measured by ICP-MS 
    As Cd Mn Pb Se Zn 
    (µg/kg) (µg/kg) (µg/kg) (µg/kg) (µg/kg) (µg/kg) 
                
S69 Rice BD Broin 0.75 0.607 262 1.498 1.021 171.4 
S70 Rice BD parboiled (Sylhet) 1.728 0.256 158.8 0.781 0.808 108.6 
S71 Rice BD atap (unknown) 1.261 1.095 160.5 1.812 0.959 158.3 
S74 Rice BD Boro 1.365 0.112 352.2 0.562 1.301 344.1 
S75 Rice BD parboiled (Shail) 1.225 0.253 470.3 0.413 0.563 217.6 
S76 Rice BD Binni 0.604 0.795 524.2 0.441 0.463 180.2 
S77 Rice BD Aman 1.73 0.206 329.4 0.267 0.155 251.1 
S78 Rice BD Zaria 1.076 0.697 563.8 0.477 0.56 244.8 
S79 Rice BD Irri 1.451 0.856 430 0.627 0.329 221.7 
S80 Rice BD Ala shail 1.135 0.33 367.6 0.29 0.397 185.6 
S81 Rice BD Katari 2.056 0.042 250.7 0.301 0.279 245.9 
S82 Data stem (vegetable) 0.44 3.368 793.2 2.868 10.59 340.3 
S83 Nali shak 0.724 6.591 601.4 2.502 1.589 280.9 
S84 Lal shak 03 fresh 1.747 32.65 999.8 33.77 1.293 1093 
S85 Lal shak frozen IBCO 0.462 40.34 421.2 4.587 1.17 807.2 
S86 Lal shak 02 fresh 1.565 36.13 1192 29.93 1.217 1112 
S87 Lal shak 01 fresh 1.725 29.42 893.9 29.67 1.076 850.9 
S88 Lal shak  0.625 38.63 400.7 5.111 0.663 3173 
S89 Lal shak  0.459 31.42 333.4 3.192 1.256 2012 
S90 Pui shak 0.547 5.808 1466 2.362 1.596 519.2 
S126 pan Kashia leaves 0.284 0.14 1801 2.468 0.189 153.9 
S127 pan Bangla leaves 4.131 0.19 352.2 5.906 0.252 112.4 
S128 Beans 1 0.059 0.717 734.3 0.327 0.227 288.5 
S129 Beans 2 0.1 0.41 447.7 0.956 0.259 346.4 













Table 9-1 continued  
    As Cd Mn Pb Se Zn 
    (µg/kg) (µg/kg) (µg/kg) (µg/kg) (µg/kg) (µg/kg) 
S141 Hilsha egg (Manmar) 64.1 0.099 44.84 0.125 19.72 412.1 
S142 Hilsha flesh (Manmar) 99.72 0.182 11.33 0.749 7.22 69.32 
S143 Hilsha flesh (Manmar) 85.56 0.16 4.097 0.292 8.196 63.92 
S144 Hilsha flesh  (Manmar) 113.8 0.276 9.796 0.967 8.533 105.3 
S145 Hilsha flesh  (BD) 54.52 0.232 12.36 0.869 22.59 155.1 
S146 Hilsha flesh (BD) 83.93 0.178 6.559 0.953 15.59 89.86 
S147 Hilsha egg (BD) 61.07 0.246 73.17 0.523 35.81 602 
S148 Hilsha egg  frozen (BD) 58.75 0.342 94.66 0.567 47.22 625.2 
S149 Rice flour SRM 1.112 3.324 388.5 17.13 0.285 213.5 

























Table 10-2: Raw data of some food samples (same samples in Table 9-1) determined using 
ICP-MS instrument. (Data: 7/12/2009) 
Run 75As 55Mn 208Pb 78Se 66Zn 45Sc 103Rh 193Ir 
  Blank ppb               
1 -0.001 -0.005 0 -0.204 -0.044 99.22% 98.42% 99.54% 
2 -0.009 -0.007 0.002 -0.233 -0.019 99.94% 100.41% 100.03% 
3 -0.009 -0.015 0 -0.211 0.014 100.84% 101.18% 100.43% 
x -0.007 -0.009 0.001 -0.216 -0.016 100.00% 100.00% 100.00% 
s 0.005 0.005 0.001 0.015 0.029 0.81% 1.42% 0.45% 
%RSD 70.9 60.24 102.3 6.945 180.3 0.813 1.423 0.448 
  Std 20ppb                 
1 18.19 19.71 19.59 18.39 21.18 99.32% 100.50% 101.21% 
2 19.07 19.84 19.36 18.59 21.1 102.22% 100.65% 102.30% 
3 18.66 19.33 19.44 18.79 20.9 100.76% 101.25% 102.57% 
x 18.64 19.63 19.46 18.59 21.06 100.77% 100.80% 102.02% 
s 0.437 0.266 0.114 0.2 0.147 1.45% 0.40% 0.72% 
%RSD 2.347 1.354 0.586 1.074 0.697 1.443 0.393 0.704 
  Std 40 ppb                   
1 38.5 39.69 39.51 38.57 43.09 98.86% 97.86% 100.73% 
2 38.07 40.46 40.45 38.3 43.14 98.16% 98.06% 101.37% 
3 38.47 39.85 39.44 37.43 42.54 99.45% 99.18% 101.66% 
x 38.35 40 39.8 38.1 42.92 98.82% 98.37% 101.26% 
s 0.243 0.405 0.567 0.596 0.335 0.65% 0.71% 0.48% 
%RSD 0.635 1.013 1.425 1.565 0.779 0.653 0.722 0.469 
  Std 100ppb                  
1 96.62 100 100.4 95.95 104.9 95.91% 95.92% 98.85% 
2 96.57 99.93 100.4 94.72 105.8 95.78% 96.13% 99.52% 
3 97.33 101.6 101.8 96.31 107.2 94.88% 95.49% 98.82% 
x 96.84 100.5 100.9 95.66 106 95.52% 95.84% 99.06% 
s 0.428 0.94 0.817 0.834 1.182 0.56% 0.33% 0.39% 
%RSD 0.442 0.935 0.81 0.872 1.116 0.584 0.342 0.396 
  Washout                   
1 -0.002 0.025 0.03 -0.177 0.918 110.57% 104.07% 102.24% 
2 -0.002 0.014 0.025 -0.158 0.896 110.62% 105.90% 103.51% 
3 -0.009 0.021 0.026 -0.162 0.806 109.69% 106.83% 104.21% 
x -0.004 0.02 0.027 -0.166 0.873 110.29% 105.60% 103.32% 
s 0.004 0.005 0.003 0.01 0.059 0.52% 1.40% 1.00% 
%RSD 98.97 27 9.387 6.253 6.783 0.473 1.326 0.965 
  Sample_69                 
1 0.78 266.8 1.545 1.031 174.3 180.96% 158.30% 131.94% 
2 0.714 257.9 1.492 1.006 170.6 184.96% 163.23% 136.20% 
3 0.757 261.3 1.456 1.027 169.2 185.22% 164.11% 138.28% 
x 0.75 262 1.498 1.021 171.4 183.71% 161.88% 135.47% 
s 0.034 4.467 0.045 0.014 2.634 2.39% 3.13% 3.23% 






Table 9-2 continued  
 
75As 55Mn 208Pb 78Se 66Zn 45Sc 103Rh 193Ir 
  Sample_70                   
1 1.591 160.2 0.795 0.814 109.8 176.89% 157.42% 132.01% 
2 1.832 159.2 0.774 0.762 109.3 178.76% 159.54% 134.31% 
3 1.762 156.9 0.772 0.848 106.7 182.39% 161.36% 135.01% 
x 1.728 158.8 0.781 0.808 108.6 179.35% 159.44% 133.78% 
s 0.124 1.708 0.013 0.043 1.661 2.80% 1.97% 1.57% 
%RSD 7.178 1.076 1.637 5.351 1.53 1.56 1.238 1.172 
  Sample_71                   
1 1.278 162.5 1.821 0.928 158.7 174.30% 153.34% 133.81% 
2 1.249 160.1 1.805 0.959 157.9 174.97% 154.78% 136.97% 
3 1.256 159 1.808 0.991 158.1 176.87% 155.07% 136.50% 
x 1.261 160.5 1.812 0.959 158.3 175.38% 154.40% 135.76% 
s 0.015 1.791 0.008 0.031 0.429 1.33% 0.92% 1.70% 
%RSD 1.164 1.116 0.457 3.247 0.271 0.761 0.599 1.255 
  Sample_74                 
1 1.32 350.7 0.559 1.267 339.1 167.59% 148.36% 131.84% 
2 1.409 351.3 0.569 1.355 347.4 167.91% 148.56% 132.51% 
3 1.367 354.5 0.558 1.281 345.7 168.26% 149.43% 134.51% 
x 1.365 352.2 0.562 1.301 344.1 167.92% 148.78% 132.95% 
s 0.045 2.014 0.006 0.047 4.39 0.33% 0.57% 1.39% 
%RSD 3.264 0.572 1.153 3.622 1.276 0.197 0.385 1.042 
  Sample_75                   
1 1.253 471.4 0.418 0.601 218.6 160.99% 145.67% 131.27% 
2 1.13 466.9 0.41 0.449 216.7 163.85% 146.63% 131.86% 
3 1.291 472.6 0.411 0.639 217.4 163.92% 146.38% 133.40% 
x 1.225 470.3 0.413 0.563 217.6 162.92% 146.23% 132.18% 
s 0.084 3.034 0.004 0.101 0.936 1.67% 0.50% 1.10% 
%RSD 6.863 0.645 1.021 17.86 0.43 1.026 0.341 0.83 
  Sample_76                
1 0.656 552.5 0.457 0.496 187.6 149.77% 136.32% 125.63% 
2 0.51 509.9 0.424 0.413 176.3 157.52% 141.63% 131.82% 
3 0.646 510.3 0.44 0.48 176.5 157.91% 142.41% 130.49% 
x 0.604 524.2 0.441 0.463 180.2 155.07% 140.12% 129.31% 
s 0.082 24.46 0.017 0.044 6.465 4.59% 3.32% 3.26% 
%RSD 13.53 4.666 3.762 9.515 3.588 2.961 2.366 2.521 
  Sample_77                  
1 1.672 332.4 0.271 0.118 252 150.40% 135.99% 126.43% 
2 1.736 325.9 0.267 0.158 250 153.48% 138.16% 128.65% 
3 1.783 329.7 0.264 0.188 251.3 153.43% 138.57% 130.73% 
x 1.73 329.4 0.267 0.155 251.1 152.44% 137.57% 128.60% 
s 0.055 3.277 0.003 0.035 1.015 1.77% 1.39% 2.15% 






Table 9-2 continued  
 
75As 55Mn 208Pb 78Se 66Zn 45Sc 103Rh 193Ir 
  Sample_78                   
1 1.102 573.3 0.477 0.531 247 148.73% 136.14% 127.87% 
2 1.156 554.8 0.476 0.537 241.5 151.59% 137.97% 127.37% 
3 0.971 563.4 0.477 0.612 246 150.80% 137.93% 129.62% 
x 1.076 563.8 0.477 0.56 244.8 150.37% 137.35% 128.29% 
s 0.095 9.291 0.001 0.045 2.899 1.48% 1.05% 1.18% 
%RSD 8.849 1.648 0.177 8.055 1.184 0.982 0.761 0.921 
  Sample_79                 
1 1.499 432.8 0.622 0.283 222.9 148.13% 134.09% 126.48% 
2 1.53 432.4 0.631 0.313 224.1 147.10% 137.12% 129.37% 
3 1.323 424.8 0.628 0.392 218 150.42% 136.50% 129.51% 
x 1.451 430 0.627 0.329 221.7 148.55% 135.90% 128.45% 
s 0.112 4.502 0.005 0.056 3.219 1.70% 1.60% 1.71% 
%RSD 7.693 1.047 0.764 17.04 1.452 1.143 1.177 1.334 
  Sample_80                   
1 1.168 374.4 0.293 0.396 188.4 142.85% 131.38% 125.35% 
2 1.194 361.7 0.29 0.472 182.8 146.82% 134.86% 127.98% 
3 1.042 366.7 0.286 0.324 185.6 146.75% 133.13% 127.45% 
x 1.135 367.6 0.29 0.397 185.6 145.47% 133.13% 126.93% 
s 0.081 6.402 0.004 0.074 2.774 2.27% 1.74% 1.39% 
%RSD 7.138 1.741 1.313 18.62 1.495 1.563 1.307 1.099 
  Sample_81                   
1 2.073 250.8 0.299 0.256 246.4 141.01% 129.92% 125.70% 
2 2.191 252 0.3 0.303 247 143.21% 132.08% 126.13% 
3 1.904 249.3 0.305 0.279 244.3 144.82% 132.64% 126.98% 
x 2.056 250.7 0.301 0.279 245.9 143.01% 131.55% 126.27% 
s 0.144 1.334 0.003 0.024 1.417 1.92% 1.44% 0.66% 
%RSD 7.021 0.532 1.133 8.51 0.576 1.34 1.094 0.519 
  Sample_82                  
1 0.426 815.6 2.909 10.19 346.2 122.09% 97.30% 97.79% 
2 0.422 793.4 2.852 10.83 343.3 128.63% 100.91% 101.53% 
3 0.471 770.7 2.844 10.75 331.3 134.63% 105.24% 103.83% 
x 0.44 793.2 2.868 10.59 340.3 128.45% 101.15% 101.05% 
s 0.027 22.41 0.036 0.348 7.9 6.27% 3.98% 3.05% 
%RSD 6.215 2.826 1.242 3.287 2.322 4.881 3.929 3.015 
  Sample_83                  
1 0.784 616.5 2.52 1.729 286.8 151.11% 126.83% 123.73% 
2 0.756 592.6 2.491 1.598 278.1 156.92% 131.49% 126.59% 
3 0.633 595 2.494 1.44 277.8 157.40% 133.21% 127.77% 
x 0.724 601.4 2.502 1.589 280.9 155.14% 130.51% 126.03% 
s 0.08 13.16 0.016 0.144 5.139 3.51% 3.30% 2.08% 







Table 9-2 continued  
 
75As 55Mn 208Pb 78Se 66Zn 45Sc 103Rh 193Ir 
  Sample_84                   
1 1.945 1003 34.34 1.353 1103 143.55% 116.19% 114.08% 
2 1.567 1001 33.48 1.349 1093 145.04% 119.12% 117.60% 
3 1.728 995.1 33.49 1.178 1083 149.13% 121.54% 118.44% 
x 1.747 999.8 33.77 1.293 1093 145.91% 118.95% 116.71% 
s 0.19 4.2 0.497 0.1 9.8 2.89% 2.68% 2.31% 
%RSD 10.87 0.42 1.471 7.755 0.897 1.979 2.256 1.983 
  Sample_85                 
1 0.459 430 4.64 1.234 822 139.86% 115.01% 111.81% 
2 0.496 418.3 4.538 1.119 803.7 143.40% 118.25% 115.03% 
3 0.432 415.3 4.583 1.157 795.9 146.19% 117.93% 114.79% 
x 0.462 421.2 4.587 1.17 807.2 143.15% 117.06% 113.88% 
s 0.032 7.755 0.051 0.059 13.37 3.17% 1.78% 1.79% 
%RSD 7.016 1.841 1.115 5.016 1.657 2.216 1.524 1.574 
  Sample_86                 
1 1.571 1172 29.06 1.205 1085 145.69% 121.49% 119.59% 
2 1.606 1205 30.69 1.273 1140 143.74% 118.86% 116.63% 
3 1.517 1198 30.05 1.172 1112 146.21% 121.95% 119.36% 
x 1.565 1192 29.93 1.217 1112 145.21% 120.77% 118.53% 
s 0.045 17.63 0.826 0.051 27.36 1.30% 1.67% 1.65% 
%RSD 2.864 1.479 2.758 4.209 2.459 0.894 1.379 1.389 
  Sample_87                   
1 1.798 941.2 31.27 1.059 899.4 139.22% 114.35% 112.70% 
2 1.754 870.8 28.97 1.088 830.5 147.75% 122.80% 119.64% 
3 1.621 869.7 28.76 1.083 822.7 147.79% 123.04% 120.70% 
x 1.725 893.9 29.67 1.076 850.9 144.92% 120.06% 117.68% 
s 0.092 40.96 1.393 0.015 42.21 4.94% 4.95% 4.34% 
%RSD 5.349 4.583 4.694 1.414 4.96 3.406 4.121 3.692 
  Sample_88                   
1 0.7 407.3 5.137 0.653 3229 137.10% 113.08% 112.69% 
2 0.547 400 5.126 0.697 3154 139.91% 115.18% 114.79% 
3 0.628 394.8 5.071 0.64 3137 139.95% 115.60% 115.58% 
x 0.625 400.7 5.111 0.663 3173 138.99% 114.62% 114.36% 
s 0.076 6.279 0.035 0.03 49.41 1.63% 1.35% 1.49% 
%RSD 12.22 1.567 0.692 4.49 1.557 1.173 1.178 1.304 
  Sample_89                   
1 0.434 336.5 3.245 1.112 2046 133.97% 110.12% 109.71% 
2 0.467 334 3.159 1.263 2011 137.93% 113.05% 113.26% 
3 0.477 329.9 3.171 1.394 1980 139.21% 115.84% 115.19% 
x 0.459 333.4 3.192 1.256 2012 137.04% 113.00% 112.72% 
s 0.023 3.363 0.047 0.141 33.01 2.73% 2.86% 2.78% 







Table 9-2 continued  
 
75As 55Mn 208Pb 78Se 66Zn 45Sc 103Rh 193Ir 
  Sample_90                  
1 0.589 1482 2.393 1.552 525.3 137.33% 113.37% 112.40% 
2 0.521 1453 2.347 1.571 516.3 141.03% 117.19% 114.76% 
3 0.531 1463 2.345 1.664 515.9 142.80% 117.03% 115.60% 
x 0.547 1466 2.362 1.596 519.2 140.39% 115.86% 114.26% 
s 0.037 14.81 0.027 0.06 5.342 2.79% 2.16% 1.66% 
%RSD 6.687 1.01 1.152 3.762 1.029 1.987 1.864 1.453 
  Sample_126                 
1 0.251 1797 2.443 0.116 151.8 127.29% 108.04% 113.47% 
2 0.363 1802 2.472 0.185 155.1 129.27% 108.78% 114.25% 
3 0.239 1804 2.49 0.265 154.9 130.10% 110.06% 115.38% 
x 0.284 1801 2.468 0.189 153.9 128.89% 108.96% 114.37% 
s 0.068 3.301 0.024 0.075 1.823 1.45% 1.02% 0.96% 
%RSD 24.11 0.183 0.963 39.72 1.185 1.122 0.939 0.842 
  Sample_127                 
1 4.321 376.7 6.391 0.336 120.3 125.72% 103.48% 106.15% 
2 4.082 340 5.674 0.214 108.4 135.95% 112.72% 115.72% 
3 3.99 340 5.652 0.207 108.4 137.27% 113.21% 116.72% 
x 4.131 352.2 5.906 0.252 112.4 132.98% 109.80% 112.86% 
s 0.171 21.17 0.421 0.072 6.896 6.32% 5.49% 5.83% 
%RSD 4.127 6.01 7.122 28.73 6.136 4.754 4.995 5.168 
  Sample_128                  
1 0.035 725.2 0.32 0.222 285 135.34% 116.67% 119.56% 
2 0.06 733 0.338 0.216 289 136.56% 116.96% 119.57% 
3 0.08 744.7 0.324 0.243 291.5 134.48% 116.26% 119.88% 
x 0.059 734.3 0.327 0.227 288.5 135.46% 116.63% 119.67% 
s 0.023 9.837 0.009 0.014 3.271 1.05% 0.35% 0.19% 
%RSD 38.42 1.34 2.805 6.259 1.134 0.773 0.303 0.155 
  Sample_129                  
1 0.102 459.8 0.972 0.291 353.2 131.49% 113.21% 116.18% 
2 0.131 439.4 0.934 0.214 343.3 136.06% 116.74% 118.80% 
3 0.067 443.8 0.961 0.273 342.8 137.31% 116.98% 118.03% 
x 0.1 447.7 0.956 0.259 346.4 134.95% 115.65% 117.67% 
s 0.032 10.7 0.02 0.04 5.849 3.06% 2.11% 1.34% 
%RSD 32.1 2.39 2.049 15.6 1.689 2.269 1.828 1.143 
  Sample_130                 
1 0.074 781.5 1.08 0.253 323.1 132.60% 116.59% 118.07% 
2 0.116 761.7 1.056 0.228 314.6 137.31% 118.83% 120.32% 
3 0.078 763 1.063 0.364 312.9 137.53% 119.08% 119.45% 
x 0.09 768.8 1.066 0.281 316.8 135.81% 118.17% 119.28% 
s 0.023 11.1 0.013 0.072 5.463 2.79% 1.37% 1.13% 







Table 9-2 continued  
 
75As 55Mn 208Pb 78Se 66Zn 45Sc 103Rh 193Ir 
  Sample_141                  
1 65.86 46.22 0.129 20.51 422 150.03% 133.13% 126.23% 
2 63.14 44.49 0.124 19.3 411.7 153.60% 135.77% 130.19% 
3 63.28 43.81 0.121 19.34 402.6 153.50% 137.32% 132.23% 
x 64.1 44.84 0.125 19.72 412.1 152.38% 135.41% 129.55% 
s 1.531 1.242 0.004 0.692 9.714 2.04% 2.12% 3.05% 
%RSD 2.389 2.771 3.037 3.509 2.357 1.336 1.566 2.356 
  Sample_142                  
1 99.62 11.54 0.754 7.314 70.24 151.18% 130.55% 126.26% 
2 99.72 11.44 0.746 7.253 69.42 152.25% 132.53% 127.85% 
3 99.83 11.02 0.747 7.093 68.29 154.04% 132.63% 128.39% 
x 99.72 11.33 0.749 7.22 69.32 152.49% 131.90% 127.50% 
s 0.105 0.276 0.004 0.115 0.98 1.45% 1.18% 1.11% 
%RSD 0.105 2.432 0.586 1.587 1.413 0.95 0.891 0.871 
  Sample_143                   
1 85.94 4.129 0.292 8.164 64.17 147.75% 127.11% 123.23% 
2 84.64 4.069 0.293 8.235 64.03 149.49% 130.76% 126.19% 
3 86.11 4.093 0.291 8.19 63.55 151.20% 130.60% 127.01% 
x 85.56 4.097 0.292 8.196 63.92 149.48% 129.49% 125.48% 
s 0.806 0.03 0.001 0.036 0.325 1.72% 2.07% 1.99% 
%RSD 0.942 0.736 0.345 0.437 0.509 1.153 1.595 1.584 
  Sample_144                   
1 113.1 9.674 0.967 8.409 106 148.98% 129.34% 126.18% 
2 113.5 9.866 0.974 8.475 105.5 150.54% 132.20% 127.32% 
3 114.8 9.849 0.959 8.717 104.5 152.30% 132.42% 129.37% 
x 113.8 9.796 0.967 8.533 105.3 150.61% 131.32% 127.62% 
s 0.885 0.106 0.008 0.162 0.734 1.66% 1.72% 1.62% 
%RSD 0.778 1.085 0.802 1.897 0.697 1.103 1.309 1.27 
  Sample_145                
1 54.47 12.39 0.873 22.61 156.3 145.02% 127.06% 123.88% 
2 54.77 12.58 0.866 22.77 155.7 145.38% 128.36% 125.67% 
3 54.33 12.12 0.867 22.38 153.4 149.21% 128.82% 125.48% 
x 54.52 12.36 0.869 22.59 155.1 146.54% 128.08% 125.01% 
s 0.223 0.229 0.004 0.198 1.553 2.32% 0.92% 0.98% 
%RSD 0.409 1.852 0.415 0.874 1.001 1.584 0.715 0.786 
  Sample_146                  
1 86.94 6.843 0.965 16.13 91.74 150.23% 129.36% 125.68% 
2 81.54 6.393 0.945 15.13 88.45 155.21% 133.05% 129.77% 
3 83.3 6.442 0.948 15.51 89.41 155.57% 134.00% 129.20% 
x 83.93 6.559 0.953 15.59 89.86 153.67% 132.14% 128.22% 
s 2.755 0.247 0.011 0.506 1.694 2.98% 2.45% 2.21% 







Table 9-2 continued  
 
75As 55Mn 208Pb 78Se 66Zn 45Sc 103Rh 193Ir 
  Sample_147                  
1 59.42 71.33 0.512 34.69 584.5 150.40% 133.51% 128.52% 
2 61.85 74.25 0.526 36.74 608 147.73% 132.67% 127.91% 
3 61.92 73.92 0.532 35.99 613.5 147.34% 133.66% 127.39% 
x 61.07 73.17 0.523 35.81 602 148.49% 133.28% 127.94% 
s 1.423 1.599 0.01 1.036 15.43 1.67% 0.53% 0.57% 
%RSD 2.33 2.186 1.956 2.893 2.562 1.122 0.4 0.441 
  Sample_148                   
1 58.93 94.5 0.565 47.44 625.5 142.35% 127.26% 125.06% 
2 58.94 95.28 0.566 47.57 628.9 143.37% 129.67% 126.25% 
3 58.39 94.19 0.57 46.64 621.3 147.23% 131.89% 127.53% 
x 58.75 94.66 0.567 47.22 625.2 144.32% 129.61% 126.28% 
s 0.312 0.563 0.003 0.502 3.818 2.57% 2.32% 1.24% 
%RSD 0.531 0.595 0.473 1.063 0.611 1.784 1.787 0.981 
  Sample_149                   
1 1.027 392 17.15 0.326 213.8 140.70% 127.91% 123.45% 
2 1.082 387.7 17.19 0.253 213.3 142.77% 129.92% 124.89% 
3 1.227 385.9 17.05 0.276 213.5 143.06% 129.95% 126.34% 
x 1.112 388.5 17.13 0.285 213.5 142.18% 129.26% 124.89% 
s 0.103 3.109 0.073 0.038 0.272 1.29% 1.17% 1.44% 
%RSD 9.301 0.8 0.428 13.17 0.127 0.907 0.902 1.156 
  Sample_150                 
1 1.827 3213 7.906 1.658 284.1 123.12% 98.94% 104.32% 
2 1.491 3086 7.691 1.477 274.4 128.91% 103.98% 108.05% 
3 1.803 3161 7.792 1.543 279.3 128.17% 101.69% 107.88% 
x 1.707 3153 7.796 1.559 279.3 126.74% 101.54% 106.75% 
s 0.188 63.6 0.108 0.091 4.837 3.15% 2.53% 2.11% 






















Table 10-3: Raw data of Fish and Rice of As speciation using HPLC-
ICP-MS. 
    AsChol AsBet As
III
 DMA MMA As
V
   
Ret Time (min)   1.99 3.035 5.039 7.305 8.38 10.016   
1ppb As mix-1     18467   14472 13099 9139   
10ppb As mix-1     190394   145423 127799 115070   
50ppb As mix-1     967338   723202 629613 604935   
1ppb As
3+/
1       7998         
10ppb As
3+/
1       104246         
50ppb As
3+/
1       503310         
25ppb AsChol/1   2279261             
                  
  AsC AsBet As
III
 DMA AsSug. unkn2 MMA As
V
 
Ret Time (min) 1.99 3.035 5.039 7.305 7.501 7.696 8.38 10.016 
Fish flesh_1   56441   163891 51463       
Fish flesh_2   83473   216039 70642       
Fish egg_3   55898   132445 29355       
Fish flesh_4   5968   214063 51161       
Fish flesh_5   8347   245904 64274       
Fish egg_6   14194   57045 4581 6006     
Fish flesh_7   10074   220835 52216       
Fish flesh_8   22072   138430 31355       
Fish egg_9   19007   29401 1079 2293     
Fish egg_10   24480   12633 558.74 2324     
Fish flesh_25   43180   79661 15228       
Fish flesh_26   75098   131808 35787       
Fish flesh_27   45267   85968 13997       
Fish flesh_1R_45   58061   187464 46245       
Fish egg_3R_46   48539   125451 21993       
BCR -627_11 9588 828913   30159 2444 4010 1249   
BCR-627_35 8495 824722   31418 2393 3548     
BCR-627_47 10524 957325   35666 3373 3425     
                  
    AsChol AsBet As
III
 AsSug. DMA MMA As
V
 
Ret Time (min)   1.99 3.035 5.039 7.128 7.305 8.38 10.016 
1ppb As mix-1 
 
  20284     15510 14071 14195 
10ppb As mix-1     206028     155013 141991 139777 
50ppb As mix-1     1025107     761909 697431 704681 
1ppb As
3+
/1       10582         
10ppb As
3+
/1       96117         
50ppb As
3+
/1       526081         














 AsSug. DMA MMA As
V
 
Ret Time (min) 
 
1.99 3.035 5.039 7.128 7.305 8.38 10.016 
Rice1_13 





















   
10758 
 
2515 488.92 16902 
Rice23_17 























































































































   
22888 
 
5413 953.27 23717 
Rice110_40 







   
24835 1180 4900 682.12 18290 
Rice CRM1_23 
   
30155 
 
1454 623.86 6241 
RiceCRM2_42 











16562 15237 15385 




158207 150538 162659 




785711 755663 797891 
1ppb As3+/1 
   
12436 
    10ppb As3+/1 
   
128172 
    50ppb As3+/1 
   
655458 
    AsCol (25ppb) 
 
2580583 













10.2 Appendix (2): Correlations between different elements in 
Bangladeshi rice. 
 
Table 10-4: Paired arsenic versus other elements Correlations. 
 N r value P value 
Pair 1 As-BORO & Mn-BORO 19 -.236 .236 
Pair 2 As-BORO & Zn-BORO 19 .016 .937 
Pair 3 As-BORO & Se-BORO 19 .154 .442 
Pair 4 As-BORO & Cd-BORO 19 -.455 .017 
Pair 5 As-BORO & Pb-BORO 19 .044 .828 
Pair 6 As-AMAN & Mn-AMAN 11 -.106 .657 
Pair 7 As-AMAN & Zn-AMAN 11 .003 .990 
Pair 8 As-AMAN & Se-AMAN 11 -.044 .852 
Pair 9 As-AMAN & Cd-AMAN 11 -.332 .050 
Pair 10 As-AMAN & Pb-AMAN 11 .655 .002 
Pair 11 As-Aromatic & Mn-Aromatic 34 -.233 .192 
Pair 12 As- Aromatic & Zn- Aromatic 34 .071 .696 
Pair 13 As- Aromatic & Se- Aromatic 34 -.349 .046 
Pair 14 As- Aromatic & Cd- Aromatic 34 -.466 .006 
Pair 15 As- Aromatic & Pb- Aromatic 34 -.044 .807 
Pair 16 As-Parboiled & Mn-Parboiled 13 -.576 .105 
Pair 17 As- Parboiled & Zn- Parboiled 13 -.696 .037 
Pair 18 As- Parboiled & Se- Parboiled 13 .567 .112 
Pair 19 As- Parboiled & Cd- Parboiled 13 .165 .671 











Table 10-5: Paired selenium versus other elements Correlations (except arsenic). 
 N r value P value 
Pair 1 Se-BORO & Mn-BORO 19 -.115 .567 
Pair 2 Se-BORO & Zn-BORO 19 .207 .301 
Pair 3 Se-BORO & Cd-BORO 19 -.189 .344 
Pair 4 Se-BORO & Pb-BORO 19 .348 .075 
Pair 5 Se-AMAN & Mn-AMAN 11 .187 .431 
Pair 6 Se-AMAN & Zn-AMAN 11 .442 .051 
Pair 7 Se-AMAN & Cd-AMAN 11 .204 .387 
Pair 8 Se-AMAN & Pb-AMAN 11 .075 .754 
Pair 9 Se- Aromatic & Mn- Aromatic 34 .491 .004 
Pair 10 Se- Aromatic & Zn- Aromatic 34 .552 .001 
Pair 11 Se- Aromatic & Cd- Aromatic 34 .551 .001 
Pair 12 Se- Aromatic & Pb- Aromatic 34 .236 .185 
Pair 13 Se-Parboiled & Mn-Parboiled 13 -.347 .360 
Pair 14 Se-Parboiled & Zn-parboiled 13 -.072 .854 
Pair 15 Se-Parboiled & Cd-Parboiled 13 .783 .013 
Pair 16 Se-Parboiled & Pb-Parboiled 13 .948 .000 

















Table 10-6: Paired Mn versus Zn, Cd and Pb Correlations. 
 N r value P value 
Pair 1 Mn-BORO & Zn-BORO 19 .599 .001 
Pair 2 Mn-BORO & Cd-BORO 19 -.229 .250 
Pair 3 Mn-BORO & Pb-BORO 19 .041 .837 
Pair 4 Mn-AMAN & Zn-AMAN 11 .261 .267 
Pair 5 Mn-AMAN & Cd-AMAN 11 .654 .002 
Pair 6 Mn-AMAN & Pb-AMAN 11 .123 .605 
Pair 7 Mn- Aromatic & Zn- Aromatic 34 .268 .132 
Pair 8 Mn- Aromatic & Cd- Aromatic 34 .269 .131 
Pair 9 Mn- Aromatic & Pb- Aromatic 34 .280 .114 
Pair 10 Mn-Parboiled & Zn-Parboiled 13 .704 .034 
Pair 11 Mn-Parboiled & Cd-Parboiled 13 -.411 .272 
Pair 12 Mn-Parboiled & Pb-Parboiled 13 -.234 .544 























Table 10-7: Paired Zn versus Cd and Pb, and Cd versus Pb Correlations. 
 N r value P value 
Pair 1 Zn-BORO & Cd-BORO 19 -.416 .031 
Pair 2 Zn-BORO & Pb-BORO 19 .111 .581 
Pair 3 Zn-AMAN & Cd-AMAN 11 .170 .475 
Pair 4 Zn-AMAN & Pb-AMAN 11 .264 .260 
Pair 5 Zn- Aromatic & Cd- Aromatic 34 .374 .032 
Pair 6 Zn- Aromatic & Pb- Aromatic 34 -.049 .785 
Pair 7 Zn-Parboiled & Cd-Parboiled 13 .166 .670 
Pair 8 Zn-Parbolied & Pb-Parboiled 13 -.007 .987 
Pair 9 Cd-BORO & Pb-BORO 19 .120 .553 
Pair 10 Cd-AMAN & Pb-AMAN 11 -.011 .963 
Pair 11 Cd- Aromatic & Pb- Aromatic 34 .037 .839 
Pair 12 Cd-Parboiled & Pb-Parboiled 13 .760 .017 
r: correlation coefficient,  P: probability value. 
  
